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List of Symbols and Abbreviations  
 
α(0)    Absorption spectra without electric field perturbation   
α(F)    Absorption spectra with electric field perturbation 
∆α Electric field induced change of absorption spectra, or 
electroabsorption spectra 
∆E   Electric field induced energy shift of molecular eigenstates  
AC   Alternating Current 
Alq3   8-tris-hydroxyquinoline aluminum 
∆f   Electric field induced change of oscillator strength 
λ   Wavelength of the incident light  
ω   Circular frequency of applied electric field  
σ   Conductivity of vapor deposited organic thin film 
ρ   Mass density of the vapor deposited organic thin film 
CT   Charge Transfer 
CV   Capacitance-Voltage spectroscopy 
Cf    Capacitance-frequency spectroscopy 
d   Thickness of organic thin film 
DC   Direct Current 
E (F) Energy of the molecular eigenstates with electric-field 
perturbation 
E (0) Energy of the molecular eigenstates without electric-field 
perturbation 
f (ν)   Gaussian line shape function 
EA    Electroabsorption  
EA1f  Electroabsorption spectrum measured at first harmonic 
frequency of applied electric field 
EA2f Electroabsorption spectrum measured at second harmonic 
frequency of applied electric field 
ER   Electroreflection 
FE   Frenkel Excitons 
E∂
∂α  First derivative of the absorption spectra versus photon energy 
E2
2
∂
∂ α  Second derivative of absorption spectra versus photon energy 
HOMO   Highest Occupied Molecular Orbital 
LUMO  Lowest Unoccupied Molecular Orbital 
ITO   Indium Tin Oxide 
I0   Incident light intensity on sample 
I2   Transmitted light intensity through sample 
MePTCDI  N, N’-dimethyl-perylene-3, 4, 9, 10,-dicarboximide 
mr∆    Electric-field-induced change of the static dipole moment  
p∆    Electric-field-induced change of the polarizability 
O. D.   Optical Density 
OMC   Organic Molecular Crystals 
OLED   Organic Light Emitting Diode 
OPD   Organic Photo Detector 
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OSC   Organic Solar Cells 
PTCDA  3,4:9,10-perylenetetracarboxylic-dianhydride 
Quasi-1D  Quasi-one-dimensional 
RT   Room Temperature 
∆R/R Measured electric-field-induced change of reflection, 
electroabsorption signal  
SCLC   Space-Charge-Limited Current 
∆T/T Measured electric-field-induced change of transmission, 
electroabsorption signal  
UHV   Ultra High Vacuum 
UPS   Ultraviolet Photoelectron Spectroscopy 
ijµ  Dipole moment between two molecular excited states 
∆(x)   Internal electric field distribution by random charge carriers 
IPES   Inverse Photoemission spectroscopy 
Vac   Applied AC voltage 
Vdc   Applied DC bias 
biV  Built-in potential measured in EA1f spectroscopy due to the 
work function difference between electrodes (ITO and Au) 
'
biV  Built-in potential between organic material and electrode (ITO 
or Au) 
W0   Width of the depletion layer 
XRD   X-ray diffraction measurements  
ZnPc   Zinc-phthalocyanine 
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Chapter 1 
 
 Introduction 
 
 Organic Molecular Crystals (OMC) with conjugated π-electron systems have 
recently gained large interest due to their potential commercial applications for devices 
such as Organic Light Emitting Diodes (OLED), Organic Photo Detectors (OPD) and 
Organic Solar Cells (OSC) [1,2,3,4,5,6,7,8]. They have already been used in flat-panel 
displays based on OLED technology [9], and as charge generating layer in the 
xerographic process [10]. However, many applications are not realized up to now 
because linear and nonlinear optical properties determined by the excited states in such 
organic molecular crystals are not well understood. Normally, these OMC are 
composed of electronically neutral closed-shell organic molecules and held together by 
weak van der Waals forces. Due to the relative small binding energy in OMC 
compared with inorganic semiconductor, excitons play a fundamental role in the 
determination of the optical properties of such OMC, in contrast to their inorganic 
relatives [11]. 
An exciton, which refers to a specific electronic excitation, corresponds to a 
bound state of an electron and a hole. Two models are usually employed to classify 
excitons: the small radius Frenkel exciton model, and the large radius Wannier-Mott 
exciton model. The internal structure of the Wannier-Mott excitons can be represented 
by hydrogen-like functions. Such a representation originates from two-particle 
electron-hole bound states in the crystalline periodic potential. The mean electron-hole 
distance for this type of excitons is typically larger than the lattice constant. The 
Frenkel exciton is represented as an electronic excited state of the crystal in which the 
electrons and holes are placed on the same molecular site (as shown in Figure 1). Both 
types of excitons interact with lattice vibrations through exciton-phonon coupling and 
self-trapping. 
The nature of the excitons in OMC has been the subject of intense debate for 
over many decades [12]. In particular, molecular excitons have been described as 
either Frenkel or Charge-Transfer States (CTE) [10]. The CTE occupies an 
intermediate place in the classification based on their internal structure: The electron is 
correlated with a hole located at a neighboring molecular site. Current interest in 
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charge-transfer states is mainly due to the fact that they may serve as precursors for 
quasi-free charge carriers [10, 13]. Their understanding is thus a basis for the following 
transport and emission processes in organic optoelectric devices. Particularly, the CT 
states in quasi-one-dimensional (1D) OMC attract much interest due to their particular 
crystal structure. Owing to the diversity of OMC, quasi-one-dimensional crystals are 
employed as model systems for simplification. Here, quasi-1D OMC means that the 
distance between the adjacent molecular planes within the 1D stacks is small in 
comparison with either other lattice constants or the size of the molecules. In such 
OMC, strong interactions of the molecular π-electron systems exist within the stacks, 
but a very weak interaction in the other directions. In stack direction, it is reasonable 
to expect that the qualitative difference between Frenkel and CT excitations becomes 
smaller, their energies approach each other and their strong mixing determines the 
nature of the lowest energy states [14,15]. 
In the literature, a number of models for the lowest energy excitations are 
discussed. These descriptions are based on Wannier-Mott excitons [16,17,18], non-
interacting Frenkel- and charge-transfer excitons [19,20], interacting Frenkel- and 
charge-transfer excitons [21] and band-to-band transitions [22]. 
 Excitons are the primary light-generated excited states or the intermediate 
states of the relaxation processes of high energy excited states in organic molecular 
crystals; their understanding is thus a basis for the following transport and emission 
processes. For quasi-one dimensional organic crystals, the detailed nature of the lowest 
energy excitations (Wannier excitons, Frenkel excitons or Charge Transfer excitons) is 
still an open question. 
The first detailed model for the mixing of Frenkel and CT excitons was 
presented by Merrifield [23]. Since the beginning of the 1990s, several research groups 
extended the theory of mixing of Frenkel and Charge–Transfer excitons. For example, 
Petelenz, Slawik, Yokoi and Zgierski developed a detailed model to explain 
electroabsorption spectra* in polyacenes [24,25]. They also successfully used this model 
to describe electroabsorption spectra of fullerenes [26,27,28]. A simplified model of 
Frenkel-CT mixing was used by Kalinowski, Stampor, Di Macro and 
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Figure  1   A Frenkel exciton is a correlated electron-hole pair that is located on the same molecular 
site, where the orbit of the electron in the excited state is smaller than the separation of the molecules 
in the crystal. For the case of the CT exciton, the electron and the hole are located at different 
molecular sites separated by no more than a few lattice constants. In the Wannier-Mott case, the radius 
of the exciton is large in comparison with the lattice constant.  Wannier excitons are most common in 
inorganic crystals. In organic molecular crystals (OMC), the interaction between the molecules is much 
smaller than in inorganic crystals. Therefore the large radius Wannier excitons play a minor role in OMC. 
Adapted from Ref. [10]. 
 
Fattori to explain electroabsorption spectra of crystalline trans-quinacridone, which 
forms hydrogen-bonded face-to-face stacks [29]. In 1999, the optical and 
electroabsorption spectrum of crystalline PTCDA was described in the framework of a 
dimer model with interaction of Frenkel and CT excitons by Hennessy et al. [21].  
Recently, M. Hoffmann et al. of the Institut für Angewandte Photophysik (TU 
Dresden) presented a description of the lowest energy states considering the mixing of 
Frenkel excitons with several vibronic levels and charge-transfer excitons [14,15,86]. 
This model is able to explain the main features of the polarized absorption spectra of 
quasi-one dimensional organic molecular crystals such as N, N’-dimethyl-perylene-
3,4:9,10-dicarboximide (MePTCDI) and 3,4:9,10-perylenetetracarboxylic-dianhydride 
(PTCDA). However, Vragovic et al. meanwhile developed a distinctively different 
exciton band-structure model [51,176]. This model is based on Frenkel excitons 
                                                                                                                                      
* The terms electroabsorption, electrochromism, electroreflection and electro-optic absorption have 
also been used in the literature to describe the same phenomenon: change of absorption due to an 
M Dimer 
 
 
 
 
Monomer    
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coupled to a single effective intramolecular vibrational model, while neglecting any CT 
contributions. It includes the full 3-dimensional crystal geometry with two molecules in 
one unit cell. This model can also well explain the unpolarized absorption spectra of 
PTCDA. 
To prove the mixing of CT and Frenkel exciton model applicability in quasi-1D 
OMC, it is of great importance to apply it to a second, independent experiment, which 
shows the relevance of charge transfer states for such quasi-1D organic crystals. 
Furthermore, CT excitons can cause large second order nonlinear polarizabilities 
because of the large static dipole moment of the underlying localized CT 
configurations. Thus, the theoretical and experimental investigation of CT excitons 
may yield new insight into the physics of the interaction between light and organic 
molecular crystals and can contribute to the application of organic molecular crystals 
such as organic light emitting diodes and organic solar cells.  
The direct optical observation of CT excitons (CTE) is very difficult, because 
they have a very small transition dipole moment. Hence, they are masked by Frenkel 
Excitons (FE) in the optical absorption spectrum. Fortunately, CTE are very sensitive 
to electric fields, so that they can be observed in electroabsorption spectroscopy (EA), 
where one measures the sample absorption under modulation of an applied electric 
field.  
The first observation of CTE in OMC was accomplished by Sebastian et al. 
using the electroabsorption spectroscopy in 1981 [30,31,32]. They suggested that the 
EA signal of the FE follows the first derivative of the absorption spectrum and that of 
the CTE the second derivative. Later on, EA spectra of several interesting organic 
molecular crystals and polymers were measured, examples are phthalocyanines [34,35], 
phenothiazine [36,37], polyacene [30,33] polydiancetylene [31,38,39], fullerene [40,41], 
perylenetetracarboxylic-dianhydride (PTCDA) [18,42], polyparaphenylene [43], 
Poly(2,5-pyridinediyl) (MeLPPP) [44], and N, N’-dimethyl-perylene-3,4,9,10,-
dicarboximide (MePTCDI) [45], α-Sexithiophene single crystals [46, 47] etc. 
In principle, two parameters in an optical transition can be obtained directly 
from electroabsorption measurements under some assumptions: the change in dipole 
moment mr∆ , and the change in polarizability p∆ , between the initial and final state. 
                                                                                                                                      
applied electric field—Stark effect and Franz-Keldysh effect. 
Chapter 1. Introduction  11 
mr∆  is especially important as the measure of the amount of the charge transfer 
associated with an optical transition. p∆  is a measure of the sensitivity of a transition 
to an applied electric field and is particularly important for the understanding of the 
electronic properties of investigated molecular system. Both mr∆  and p∆  can be 
estimated theoretically, but often not very accurately. Thus, electroabsorption 
spectroscopy can provide more information beyond the common absorption and 
emission spectra, and it can be reasonably used to test and extend models of quantum 
chemical calculations, especially in the condensed phase. 
As discussed above, electroabsorption spectroscopy is a suitable tool to 
investigate CT excitons in quasi-one-dimensional organic molecular crystals. The 
interpretation is rather easy for, e.g., isolated molecular excitons, but much more 
advanced for the interesting quasi-one dimensional organic molecular crystals. For an, 
e.g., energetically isolated Wannier exciton resonance, an applied static electric field Es 
results in the Stark effect, i.e. a shift (and splitting) of the resonance, usually quadratic 
in Es. For the case of quasi-one-dimensional organic molecular crystals, the influence 
of the electric field is much more complex: the Frenkel exciton and CT excitons are not 
energetically isolated, the CT is more sensitive to the electric field than the FE and the 
shape of FE and CT resonance is differently affected by an electric field. Therefore, the 
interpretation of EA spectra in order to analyze the lowest excited states in terms of 
mixture of FE and CTE is a challenging task. So far, in spite of the intense theoretical 
research on optical and electroabsorption spectroscopy of quasi-one-dimensional 
molecular crystals [14,15,21,48,49,50,51], these works mainly rely on experimental data 
for PTCDA from Ref. [42], and no complete data set of electroabsorption spectra of 
MePTCDI is available. Furthermore, current EA measurements mainly concentrate on 
the optical spectral measurements. Relatively little attention has been paid to some 
important experimental details, which might strongly influence the EA spectra, such as 
the electric field distribution inside the samples, general characterization on crystallite 
orientations of the individual samples, etc. Therefore, a thorough experimental 
investigation on the electroabsorption spectroscopy in quasi-1D OMC is needed. 
In this thesis, we present a detailed experimental investigation on 
electroabsorption spectroscopy of thin films of quasi-one dimensional organic 
molecular crystals such as MePTCDI and PTCDA to clarify the involvement of CT 
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exciton in lowest excitation states. This thesis is organized as follows: in Chapter 2 the 
basic Stark effect of isolated molecules is firstly discussed and two theoretical 
interpretation procedures of the EA spectra of the OMC follow. Owing to the 
complication of theoretical understanding of EA spectra, a detailed discussion is 
beyond this general survey. After a literature review, the main task of this dissertation 
is outlined. The general experimental aspects are presented in Chapter 3: first, the 
investigated organic molecular crystals such as PTCDA and MePTCDI are introduced, 
including crystal structure parameters, mass density, HOMO and LUMO etc. Then, 
measuring EA spectra in transmission and reflection geometry is discussed. 
Furthermore, due to characteristic feature of investigated OMC, EA measurements in 
two kinds of geometry: sandwich geometry and coplanar geometry correspondingly to 
electric field perpendicular and parallel to the substrate plane are discussed (see Figure 
4.1.1). In the following, the EA signal under various electric field contributions in a 
sandwich sample is presented. The correction to the amplitude of the measured EA 
signal due to the lock-in technique is discussed in the last part of Chapter 3. More 
experimental details and results are presented in Chapter 4. Here, the sample 
preparation procedure is described at first, since a good sample quality is one of the 
most important factors to obtain reproducible EA results. Thus, the thin film samples 
have been individually characterized in their texture by general X-ray diffraction 
measurements. Furthermore, the Current-Voltage (IV), Capacitance-frequency (Cf) 
and Capacitance-Voltage (CV) measurements have been performed on samples in 
order to clarify the electric field distribution inside samples to some extent. Then, the 
electroabsorption spectra of PTCDA and MePTCDI are presented, and interesting 
effects observed in EA measurements are also discussed. In the final Chapter 5, the 
experimental results are summarized and suggestions for further EA measurements are 
made.  
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Chapter 2  
Theory 
 
 
In this Chapter, we firstly give general remarks of absorption spectra of OMC 
and review the development of electroabsorption spectroscopy in Section 2.1 
and 2.2. Then, the theoretical basis of EA spectroscopy—the Stark effect is 
discussed (Section 2.3). In the following, two theoretical interpretation 
procedures of the EA spectra of OMC are described (Section 2.4). Finally, we 
summarize the main task of this dissertation. 
 
2.1 General remarks of absorption of organic molecular crystals 
 
Light absorption by a semiconductor can be described in two ways: the so-
called Wannier-Mott model and Frenkel model. In the first, an electron is excited from 
the valence band to the conduction band by light. Thus, an electron–hole pair is formed 
with a larger distance comparing to the lattice constants (see also Figure 1 in Chapter 
1). This electron-hole pair is called Mott-Wannier exciton with a small coulombic 
interaction due to the large distance between this pair. The second model refers to an 
excitation of a molecule to a neutral, mobile localized excited state, called as Frenkel 
exciton. The Frenkel exciton as a tightly bound electron-hole pair with a distance 
smaller or comparable to the lattice constant is held together by a strong coulombic 
interaction (see also Figure 1 in Chapter 1). Due to the weaker interactions among 
organic molecules, coulombic interactions are correspondingly large, and the Wannier-
Mott model is not generally applicable to organic molecular crystals. However, in 
organic molecular crystals, charge transfer excitons are available. These intermediate 
excitons can be thought of as distorted Wannier-like excitons in view of the anisotropic 
nature of the organic molecular crystals. Furthermore, lattice vibrations (phonons) play 
a role in the absorption spectrum of OMC because of the weak intermolecular 
interaction. 
For the Wannier model, due to large distance between the electron and hole, 
the coulombic binding energy is very small (e.g. 4meV in GaAs from Ref. [172]). If one 
neglects this small effect, the absorption coefficient α of the semiconductor material is 
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related to the energy of the incident photon Ehν and to the band gap Eg of the 
semiconductor. For a ‘direct-gap’ semiconductor in which the lattice vibrations 
(phonons) are not involved during the transition, the absorption coefficient α of a 
symmetry allowed transition can be described as [173,174] 
2
1
)( gh EE −∝ να         (2.0a) 
The absorption coefficient α of a symmetry forbidden transition is  
2
3
)( gh EE −∝ να         (2.0b) 
 For organic semiconductors, the Frenkel exciton model is much more 
appropriate. As mentioned above, the interaction between organic molecules is 
relatively weak, so the absorption spectra of molecular crystals are similar to isolated 
molecules. The classical laws used to describe the absorption of the isolated molecules 
are still valid in the organic molecular crystals [10]. The interaction between light and 
molecular transition dipoles results in excitation to electronically excited states. 
Transition densities may be visualized as the overlap between the orbital of the ground 
state and the orbital of excited state, their interaction with the electric field component 
of the incident light leads to the formation of the excited states. The probabilities of 
light absorption by molecules are proportional to the square of magnitude of the 
transition dipole moment.  
 In one-component organic molecular crystals, CT excitons can exist. Optical 
transitions from the neutral crystal ground state to a CT exciton state are normally 
extremely weak. The theoretical oscillator strength is estimated to be 10-4…10-2 
[10,30,31]. Due to the low oscillator strength of the CT excitons, and also due to the 
energy level of the CT exciton transitions being in the same range of the highly allowed 
Frenkel exciton transition, it is difficult to observe the CT transition in standard 
absorption spectroscopy. However, these CT excitons are much more sensitive to 
electric fields and can therefore be observed in electroabsorption spectroscopy. In 
particular, owing to the unusual crystal structure in quasi-one-dimensional organic 
molecular crystals such as PTCDA and MePTCDI (shown in  
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Figure  2.1 Comparison of the absorption spectrum of isolated molecules (dash line) and vapor deposited 
thin film (solid line) of MePTCDI at room temperature (adapted from [14,86]). 
 
later Figure 3.1 and Figure 3.2), the charge transfer is favored in the stack direction 
because of the large overlap of molecular orbitals between nearest neighbor stacks. 
Although these CT excitons have very small theoretical oscillator strength, however, 
they can mix with other molecular eigenstates, and broaden the absorption spectrum 
[14,15,21,86,87] 
 For inorganic crystals, the vibrations of the lattices have a minor contribution to 
the absorption. However, for organic molecular crystals, phonons are able to strongly 
couple with excitons, which results in strong vibronic broadening in absorption 
spectrum. 
 Since the interactions between the molecules in the organic crystal are much 
weaker than the intramolecular interactions (covalent bond), the low energy electronic 
structure of the isolated molecules is not completely destroyed in the crystal, but only 
somewhat modified. Therefore, the absorption spectrum of a crystal is related to the 
spectra of the isolated molecules on a coarse scale (0.5 eV). Figure 2.1 shows a 
comparison of the absorption spectra of MePTCDI in solution and as vapor deposited 
thin film. For vapor deposited thin films, the strong absorption between 2…3 eV 
corresponds to the electronic transition of the isolated molecule at 2.36 eV. 
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Figure  2.2  One-dimensional exciton band structure in MePTCDI.  Left figure: absorption of vapor 
deposited thin film at 5K. Right figure: Dispersion of the four mixed exciton bands. Inset shows 
         the characters contributed from FE exciton and CT excitons (adapted from [14,86]). 
 
The absorption spectrum of the thin film is modulated due to interactions between 
molecules and vibrations of molecules, and is broadened and shifted. 
A theoretical model based on mixing of the Frenkel excitons with several 
vibronic levels and CT excitons was developed [14,86], which can explain the main 
features of the absorption spectra of quasi-1D OMC such as PTCDA and MePTCDI 
(see Figure 2.2). Very recent extensions of this model include the exciton-phonon 
configurations at the same molecular site and also separated exciton-phonon 
configurations [15]. 
 To prove this exciton model, it is of great importance to apply it to a second, 
independent experiment, which shows the relevance of charge transfer states for such 
quasi-one-dimensional organic molecular crystals as PTCDA and MePTCDI.  As 
mentioned in Chapter 1, electroabsorption spectroscopy is a suitable choice. 
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2.2 Review of electroabsorption spectroscopy 
 
Absorption spectra of isolated atoms and molecules in the gas phase give 
spectra, which are sharp and allow an accurate determination of the energies of the 
optical transitions. These traditional spectroscopic tools succeeded in testing the 
quantum-mechanical models of the isolated atoms and of molecular system. 
In the solid state, absorption spectra of molecular crystals become broadened 
due to the high density of molecules interacting strongly with each other. The 
electronic band theory for inorganic solids can be also checked by absorption 
spectroscopy. Due to the interaction among molecules in condensed phase, new optical 
transitions are possible and can not be identified by common absorption spectroscopy. 
In 1965, Seraphin and Hess demonstrated the first electric field modulation 
spectroscopy experiment [52,53], which was performed on a germanium crystal. This 
experiment detected how the reflectance from the surface of the semiconductor 
changed with application of an electric field. In their experimental setup, the lock-in 
technique was employed. A maximum resolution in the reflectance spectra, ∆R/R, of 
5×10-6 was obtained. This allowed one to identify an optical transition, which had not 
been previously resolved. This technique of obtaining the first derivative of R, instead 
of R, means that sharp absorption spectra of solids above an absorption band edge 
could now be obtained allowing quantum-mechanical models of these solids to be 
refined. Another advantage was that the phase sensitive lock-in technique could be 
employed in the electric field modulation spectroscopy. Following this new 
experimental technique, many interesting inorganic crystals (mainly semiconductors, 
such as Si, Ge, GaAs et al.) have been well investigated [52,54,55]. Most of these 
works focused on accurate measurements of inorganic semiconductors, primarily as a 
test of band theory. 
Electroabsorption (EA) spectroscopy, measured using an electric field to 
modulate the absorption, enhances ‘the fine structure’ in a material’s optical spectrum 
[57]. It has become an informative tool to investigate and test quantum mechanical 
models of inorganic and organic solids, and also non-photosynthetic biological systems 
[58]. An electric field perturbation applied to the material under investigation causes 
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small changes in the electron wave function accompanied by small changes in the 
electronic energy levels, which can consequently be measured as changes in absorption 
spectrum. Two parameters in an optical transition can be in principle obtained directly 
from electroabsorption measurements: the change in dipole moment, mr∆ , and the 
change in polarizability, p∆ , between the initial and final state. mr∆  is especially 
important as a measure of the amount of the charge transfer associated with an optical 
transition. p∆  is a measure of the sensitivity of a transition to an applied electric field 
and is particularly important for understanding the electronic property of the 
investigated molecular system. Both mr∆  and p∆  can be estimated theoretically, but 
often not very accurately. Thus electroabsorption spectroscopy can provide 
information beyond the absorption and emission spectra, which can be used to test and 
extend quantum chemical calculations, especially in the condensed phase. Early works 
formulated the theory of electric field perturbation in semiconductor materials 
[57,59,60,61]. This theory was developed further and evolved into relatively complete 
treatments of the Franz-Keldysh band-edge effect and exciton Stark shift 
[54,56,62,63,64,65,66,67,68]. Because of the success of the electric-field modulated 
spectroscopy in inorganic semiconductors, researchers applied this informative tool to 
organic solid since the early 70s [69], mostly to investigate charge transfer transition in 
organic molecular crystals and in conjugated polymers. The first application of EA 
spectroscopy to investigate CT states to organic solid was reported in 1974 [69]. 
Later, Sebastian et al succeeded in observing CT states in polyacene [30, 33] by 
electroabsorption spectroscopy. The first application of EA spectroscopy to π-
conjugated polymer was reported on samples of crystalline polydiacetylene (PDA) [31, 
32, 70]; the strongest spectral feature was explained in the terms of the band-edge 
(Franz-Keldysh) effect [39]. Later, researchers focused on the lower-energy derivative-
like features of the EA spectrum. These features were interpreted in terms of the Stark 
shift of isolated molecular excitons (binding energy about 0.5 eV), and it was found 
that the disorder in thin-film samples diminishes the Franz-Keldysh effect [71,72,73]. 
EA spectroscopy was also applied on conducting polymer films [74,75] and biological 
systems such as green fluorescent protein (GFP) [76,77]. EA spectroscopy as a non-
destructive tool has recently been used to measure the built-in potential in OLED [78], 
the electric field distribution in multilayer organic LED [79], device degradation of 
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polymer LED [80], charge injection into OLED during operation [81], direct 
observation of junction formation in polymer LED [82], and electric fields in bilayer 
organic solar cells [45,163], et al.  
So far, electroabsorption spectroscopy has been applied on various interesting 
systems from single molecule, organic solids to biological macromolecules, the aim is 
to identify various excitonic energy levels and to check the validity of theoretical 
models for corresponding systems. Another interesting application of electroabsorption 
spectroscopy is to measure the true potential difference between injecting electrodes 
applied to a thin film. The electroabsorption spectroscopy can also used for 
determination of locations of various charged states inside band gap, which is of 
considerable interest. Such states can be traps, dopants, bipolarons and polarons. Most 
measurements were performed on thin films. One of the benefits of use of thin film is 
that the application of small voltage across film thickness can easily generate electric 
field at the order of 105 Vcm-1 or even larger. Such large electric field applied in thin 
film can produce significant variations in absorption coefficient, so that the detection of 
electroabsorption signal is practicable. On the other hand, most of organic crystals on 
thin films consist of disordered microcrystals. This gives difficulties in interpretation of 
the EA spectra. Recently, EA spectra of single crystal α-Sexithiophene are reported 
[46,47]. A thorough theoretical and experimental investigation on this model crystal 
will perhaps mark a new era of the EA spectroscopy [83]. 
 
2.3 Stark Effect 
  
 As an electric field is applied to a molecular system, the electronic excited 
states will shift their energy levels and couple with each other and form new states. 
Those excited states with a higher polarizability will interact strongly with other states, 
therefore change their eigenenergy, oscillator strength of optical transition and wave 
function; those dipole-allowed excited states in one-molecular or in nearest neighbor 
molecules (if they exist) interact with the applied electric field and change their 
energies. These changes result in the change of the optical spectra, including 
transmission and reflectance spectra. This electric field modulated spectroscopy, 
henceforth labeled electroabsorption spectroscopy in this thesis unless especially 
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mentioned, is based on this electric field effect. These effects can be interpreted as two 
basic effects, the so called Stark effect and Franz-Keldysh effect, according to that 
whether the discussed electronic states are discrete states or states in a continuous 
conducting band, respectively [57,60]. Here we do not mention the Kerr-effect because 
it is much weaker in the spectrum, the reason will be briefly discussed in Chapter 3.2. 
Because electronic states in continuous bands refer to higher excited states and in this 
work the main interest is in the lowest excitation. Furthermore, the lowest excitation 
(S1) is well separated from other higher excited states in MePTCDI and PTCDA 
molecular crystals (S2, S3…)[111]. Therefore, the Franz-Keldysh effect of organic 
molecular crystals such as MePTCDI and PTCDA will not be discussed in this 
dissertation. 
 The strength of the applied electric field in electroabsorption spectroscopy is 
normally at the order of 105 V/cm. This can be seen as a small perturbation compared 
to intramolecular or atomic electric fields (normally at 108 V/cm). This allows a 
calculation of the energy shift of the energy levels and change of wave function by 
perturbation theory. Normally, the change of the absorption spectrum due to energy 
shift and change of the wavefunction should be also very small (typically ∆T/T or 
∆R/R in the order of 10-6~10-4 for organic molecular crystals), and can be calculated in 
principle (for molecular systems only under some simplifications: e.g. averaging the 
morphology of system to some extent and assuming a homogeneous electric field 
distribution etc.).  
The absorption spectrum of a molecular system under an applied electric field F 
is given by α(F). It can be expanded as a Taylor series for the first three terms to be 
[30] 
E
E
E
E
F 22
2
2
1)0()( ∆
∂
∂
+∆
∂
∂
+=
αα
αα      (2.1) 
Here, α(0) is absorption spectrum without applied electric field, and ∆E = E (F)-E (0) 
refers to the energy shift of the molecular states due to the Stark effect. Higher-order 
terms of the Taylor expansion are neglected, because the energy shift is normally small 
due to the modulated electric field. Then, the change of the absorption spectrum can be 
approximated as follows: 
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There are two main contributions to the energy shift of the eigenstates of molecules 
when an electric field is applied to a molecular system. The first contribution refers to 
the energy change of a permanent dipole in an electric field and can be expressed as 
Fm
rr
⋅∆ , where 00 ii rem ΨΨ=
rr
and F
r
 are both vectors referring to the permanent 
dipole moment and the applied electric field, respectively. mr  is normally zero for 
central-symmetric molecules, but centrosysmmetric molecules may still have dipoles 
induced by disorder in the potentials either side of the chain segment for polymer or by 
small amount impurities. However, a second-order term 2)( Fm
rr
⋅∆  can be not zero 
when 2)( Fm
rr
⋅  is averaged over all dipole orientations. This so-called linear Stark 
effect will be described by first order perturbation theory in Chapter 2.3.1. The linear 
Stark effect includes also contribution from the energy change of the polarization 
induced in the surrounding medium by the permanent dipole [36]. The second 
contribution arises from the change of molecular polarizability (∆p). This so-called 
quadratic Stark effect will be described by second order perturbation theory in Chapter 
2.3.2. Furthermore, the electric field can modulate the eigenstates of the molecular 
system so that a transfer of the oscillator strength between optical transitions can occur 
[84]. This will also be discussed in Chapter 2.3.2. 
2.3.1 Linear Stark effect  
  
If we assume that 0nΨ  stands for a complete, orthonormal set of wave functions 
for the unperturbed system described by the Hamiltonian 0H , the perturbation theory 
yields that the first order correction to the energy )1(iE∆  for eigenstates i  can be 
described by [170] 
00)1(
iii HE Ψ∆Ψ=∆        (2.3) 
Substituting FmH
rr
⋅∆=∆  into Eq. (2.3), then Eq. (2.3) can be written as 
0000)1( )( iiiii FmFmE ΨΨ⋅∆=Ψ⋅∆Ψ=∆
rrrr
     (2.4) 
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because Fm
rr
⋅∆  is a scalar and does not operate on nΨ . In Eq. (2.4) the integral of the 
right term is equal to one because the wave function set is orthonormal. Hence, the 
energy shift due to the linear Stark effect can be given as  
FmEi
rr
⋅∆=∆ )1(         (2.5) 
Eq. (2.5) stands for the energy shift of the permanent dipole under external electric 
field, which is linear with the field. Thus, it is called the ‘Linear Stark Effect’. By 
substituting this expression back to the Taylor expansion Eq. (2.2), we can obtain an 
expression, which describes how the absorption is changed by an applied electric field 
due to the linear Stark effect. 
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Eq. (2.6) has to be averaged over all the possible orientations of the permanent dipole 
moment with respect to the direction of the applied electric field. For the isotropic 
distribution of the permanent dipoles, it is reasonable to assume that the first term in 
Eq. (2.6) is equal to zero. The second term can still have a non-zero component, so the 
electroabsorption spectrum due to the linear Stark effect can be written as: 
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It must be commented that the only contribution to the linear Stark effect comes from 
the permanent dipoles in the molecular system. The linear Stark effect 
electroabsorption spectrum follows the second derivative of the absorption spectrum. 
For centrosysmmetric organic molecular crystals, it is assumed that no permanent 
dipoles exist due to the symmetry. Hence, there would be no contribution from the 
linear Stark effect. However, impurities in organic molecular crystals, such as dopants, 
and sp3 hybridized carbon atoms may induce permanent dipoles. Furthermore, 
centrosysmmetric molecules may still have dipoles induced by disorder in the potentials 
at either side of the chain segment. Therefore, a linear Stark effect can be observed. 
Refs. [72,84] reported that the contribution of the linear Stark effect to the 
electroabsorption signal can give a qualitative handle on the amount of disorder in 
polymers. The analysis here is not suitable for the understanding of the experimental 
data, since some factors such as surface dipoles between metal and organics and Stark 
broadening effect are neglected.  
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Furthermore, Refs. [83,85] show that the EA signal of the dipole-allowed states 
do not need to follow the second derivative of the absorption spectrum; the first-
derivative shape is equally probable, with a possibility of more complex behavior. 
Hence, it is not safe to conclude that if the electroabsorption spectrum of one-
component organic molecular crystals follows the second derivative of the absorption 
spectrum, there must be permanent dipoles existing in this system. For a full 
interpretation of the EA spectra, it needs more advanced model calculations [24,25].  
2.3.2 Quadratic Stark effect 
 
According to non-degenerate perturbation theory, the electric field mixes 
eigenstates 0iΨ  to new state iΨ , and the energy shift due to second order correction 
to the energy for eigenstates i  can be described by the second order perturbation 
theory as [170] 
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Here c counts for normalization, 00 jiij re ΨΨ=
r
µ  is the non-permanent transition 
dipole moment which couples the state i  and state j . The excited state i  
experiences a shift due to virtual excitation to all other excited states with these non-
permanent dipoles [169].  
Using the definition of polarizability (for state i ) as [125] 
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we can rewrite Eq. (2.8) as  
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Figure 2.3  Energy levels contributing to the Stark effect of a single strong optical transition. 
 
Eq. (2.10) stands for the energy shift of the eigenstate i , which is proportional to the 
change of polarizability and quadratic in the external field. Therefore, it is called 
quadratic Stark effect. The polarizability of state i  results from virtual optical 
transitions to all states of non-vanishing dipole matrix element. Fortunately, in most 
cases only few transitions contribute and Eq. (2.10) can be reduced. Analysis of a 
simplified two-level molecular system can give us an instructive understanding of the 
quadratic Stark effect. Each level is individually shifted by the electric field. The pure 
energy shift, which can be seen in the optical spectrum, can be given by  
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 Combining Eq. (2.2) and Eq. (2.11) we get: 
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In Eq. (2.12), the second term is neglected because the change of the 
polarizability normally is small and the higher order term is negligible. Eq. (2.12) 
shows that the electroabsorption signal is proportional to the square of the electric 
field and its spectrum follows the first derivative of the absorption spectrum. Figure 
2.3 shows energy levels contributing to the Stark effect of a single strong optical 
transition in a simplified three-level system. Second order perturbation theory also 
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modifies the eigenstates of the molecular system such that a transfer of the oscillator 
strengths can occur from one transition to another, perhaps initially forbidden 
transition. This is modeled as a negative contribution to ∆α with the line shape of the 
initial absorption spectrum. This can be described as [84] 
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∆f =f (F)-f (0) is the field-induced change of oscillator strength at state i . Eq. (2.13) 
counts for transferring the oscillator strength from state j  to state i , and it is 
proportional to the energy shift of the quadratic Stark effect and reciprocal to the 
energy difference of these two states. This implies that the transfer of the oscillator 
strength between two states can only occur between neighboring states. For states far 
away, this transfer can be neglected and is a negligible contribution to the 
electroabsorption spectrum. This change of the oscillator strength also contributes to 
the electroabsorption spectrum and with the line shape of the initial absorption 
spectrum. 
In general, the total electroabsorption for the quadratic Stark effect can be 
expressed as [169]  
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 Here, C denotes for change of the oscillator strength due to the electric field. Eq. 
(2.14) indicates that the electroabsorption spectrum due to the quadratic Stark e ffect 
is also proportional to the square of applied electric field and it is a linear combination 
of the zero and first derivative of initial absorption spectrum. 
2.3.3 Summary of the Stark effect 
 
In summary, the Stark effect is the influence of an electric field on the spectrum 
of a system. From the above analysis one can conclude that the change of the 
absorption coefficient can be modeled as a linear combination of the zero, first and 
second order derivatives of the unperturbed absorption spectrum. The energy shift is 
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proportional to the square of the applied electric field for both the linear and quadratic 
effect. By electroabsorption measurements, the change of the absorption coefficient 
can be obtained. From the obtained experimental data, it is possible to extract the 
linear and quadratic effects [43]. This is not a simple task because of the need to take 
into account the local electric field experienced by molecules in the crystal 
environment. However, an exact treatment is in principle available for the general 
problem of the Stark effect in a molecular crystal with perfect structural order. 
Unfortunately, for the electroabsorption measurements of organic polycrystalline thin 
films, it is too difficult to extract accurately these effects from the obtained 
electroabsorption spectra line shape of ∆T/T or ∆R/R. First, the interaction between 
organic molecules at room temperature is the Van der Waals force; this Van der Waals 
force can be described by an electrical interaction between fluctuating multipole 
moments of neutral molecules. This intermolecular interaction is weaker compared to 
the covalent intramolecular bonds, therefore, the classical one-electron band theory is 
invalid. Second, thermal vapor deposited organic thin films are often employed in EA 
measurements, and they are mostly polycrystalline. The surfaces of these organic thin 
films are often rough so that a constant electric field cannot be applied over the whole 
organic film. Third, the lowest excited states of organic molecular crystals such as 
MePTCDI and PTCDA are currently described as a mixture of CT excitons and 
Frenkel excitons [14,15,86], and the non-degenerate perturbation theory cannot be 
applied to such systems. Therefore, several more detailed models have been developed 
to interpret this informative spectroscopic tool [14,15,21,24,25,30,31,33,48,49,86,87]. 
 
2.4 Theoretical interpretation of the EA spectra  
 
In organic molecular crystals, the molecules interact with each other by weak 
Van der Waals forces. Therefore, unlike inorganic crystals, the charge mobility in 
organic molecular crystals are rather low even in single crystals and the optical spectra 
of polycrystalline thin film are to some extent similar to those of their solution. 
Excitonic and polaronic effects are correspondingly strong in organic solids. The 
absorption spectrum of organic molecular crystals is dominated by the intramolecular 
excited states (called also Frenkel Exciton) and their higher vibronic states. Early 
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theory about the electroabsorption [57,59,60,61,65,66,67,68] spectroscopy based on the 
semiconductor band structure seems to be of little value for organic molecular crystals. 
Nevertheless, the large interest in charge-transfer transitions in organic molecular 
crystals and conjugated polymers encouraged researchers to do both experimental and 
theoretical investigations on electroabsorption spectroscopy of these organic materials. 
After more than 20 years of work, the interpretation of the electroabsorption spectrum 
of organic molecular crystals has made large progress. So far, theoretical calculations 
of the EA spectra can be divided into two main branches: one was originally developed 
by the Weiser group in Marburg, Germany [30,31,32,33,38,42,46,47,48,84]. Another was 
developed by the Petelenz group in Cracow, Poland, and others 
[14,15,21,24,25,49,86,87].  
 
 
2.4.1 Semi-empirical procedure 
 
As described by Sebastian, Weiser et al. [30,31,33], the electric-field-induced 
change in absorption spectrum for the excited state of a Frenkel exciton in organic 
molecular crystals can be given by  
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Here p∆  is an average change in molecular polarizability of all molecules, F is the 
strength of the applied electric field, and 
E∂
∂α  is the first order derivative of the zero-
field absorption coefficient on the optical excitation energy. This treatment is only valid 
for a completely random system of transition dipoles. Eq. (2.17) shows that the 
electric-field-induced change in the absorption spectrum is proportional to the square 
of the electric field and depends on the first derivative of the absorption spectrum. The 
change of the absorption coefficient is linear with the average change in molecular 
polarizability.  
For a pure CT exciton, the change in absorption coefficient is given by  
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Here, µ is the magnitude of the dipole moment of the CT states and θ is the angle 
between F and µ. Eq. (2.18) shows that the change of the absorption coefficient due to 
the CT exciton states is proportional to square of the applied electric field too. The 
electric-field-induced change of absorption coefficient is quadratic with the static 
dipole moment of the CT states. Unlike for Frenkel exciton states, the change in 
absorption spectrum depends on the second derivative of the absorption coefficient 
with respect to the optical excitation energy.  
By electroabsorption measurements, the change of the optical absorption 
coefficient can be obtained. If the zero-field optical absorption spectrum is known, the 
relative magnitudes of the E∆  and 2)( E∆  of individual eigenstates can be 
calculated by fitting EA spectra via Eq. (2.2). This further allows for the estimation of 
the exciton binding energy, change of the static dipole moment (for CT excited states) 
and change of polarizabilities (for Frenkel excited states), etc. 
  From the considerations above, it should therefore be possible to distinguish 
between Frenkel exciton states and states which have significant CT character in a 
molecular system from the electroabsorption spectrum. Actually, for tightly bound 
(exciton binding energy ~1 eV) Frenkel excitons, the change of absorption coefficient 
follows the first derivative of the absorption with respect to photo excitation energy 
[32]. For CT excitons with large transition dipoles and with binding energy < 500 meV, 
the change of the absorption coefficient is proportional to the second derivative of the 
absorption spectrum [30,31,33]. In general, this interpretation was based on the notion 
that the EA signal originating from Frenkel and CT states could be easily discerned and 
well separated in energy scale, and CT states were viewed as perfectly localized 
electron-hole pairs, with no allowance for charge delocalization between different 
molecules. This kind of interpretation of the EA spectrum had been employed to 
explain to some extent the EA of amorphous pentacene thin films, tetracene thin films 
[30], polyacene and other polymers such as polyacetylene [88,89], poly(2,5-
pyridinediyl) [44], polydiacetylene [72], epindolidione (EPI) and trans-quinacridone 
(QAC) [29], α-Sexithiophene single crystal [46,47], to list only a few. However, as a 
general model of electroabsorption spectroscopy for organic molecular crystals, this 
interpretation has a severe flaw: what will happen if the CT exciton is close to the 
Frenkel exciton in energy can not be answered by this model. Hence, in interpretation 
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of the EA spectra of polyacene crystals according to this model, by analyzing the first 
derivative contribution to evaluate the Frenkel states polarizability, inexplicable values 
were obtained: They exceeded the polarizability, which an individual polyacene 
molecule may have [90], by one order of magnitude [30,33,91].  
Also, one obvious question arises from the difficulties in interpretation of EA 
spectra of the polyacene crystals: how close in energy scale have the excited states to 
be in order to behave in EA spectroscopy as a quasi-degenerate manifold? A model 
study [92] suggested that it is the spectral width of the individual absorption bands that 
sets the relevant energy scale. The answer was accompanied by an unexpected result: 
It turned out that the EA signal of the CT states does not need to follow the second 
derivative of the absorption spectrum. The first-derivative shape is equally probable, 
with a possibility of more complex behavior. Figure 2.4 shows absorption and 
electroabsorption spectra if the absorption bandwidth of an individual eigenstate is 
smaller than the separation between the zero-field eigenstates. Figure 2.5 shows the 
case of the absorption bandwidth of an individual eigenstate is comparable to the 
separation between two zero-field eigenstates. One can clearly see that the second 
derivative spectrum can be composed of two individual first derivative absorption 
features from two adjacent individual eigenstates with comparable separation to the 
absorption bandwidths. This suggests that, when the energy difference between two 
excited states (e.g. Frenkel excitons) is comparable to the absorption bandwidth of one 
of the individual states, the semi-empirical procedure of interpretation of the EA 
spectra is not applicable anymore. Thirdly, for quasi-one-dimensional organic 
molecular crystals, owing to their peculiar structure, the large intermolecular overlap 
along the stack direction differs to others. It is then reasonable to assume that charge 
transfer states in this direction require a low energy even comparable to the Frenkel 
exciton [14,15,86]. Therefore, the lowest excited states of such organic molecular 
crystals are most probably mixtures of Frenkel and CT excitons. The EA signals of 
these mixture states of the CT exciton and Frenkel exciton can not be explained by the 
theoretical model described above. Therefore, a new model based on electronic excited 
states with coupling between the Frenkel and CT states was developed by Petelenz et 
al. [24,25,49,87]. 
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Figure 2.4  Upper figure is the electric field 
induced shift (dotted line) of well resolved zero-
field absorption bands (solid line). Low figure is 
the responding EA signal (dash-dotted line: 
individual contribution, solid line: resultant 
spectrum) (from Ref. [83]). 
Figure 2.5  Upper figure is the electric field 
induced shift (dotted line) of overlapping zero-
field absorption bands (solid line). Low figure is 
the responding EA signal (from Ref. [83]). In 
this case, the two first-derivative signals fuse 
into a second-derivative signal. 
2.4.2 Model Hamiltonian procedure 
 
Owing to the abnormal molecular polarizability evaluated from EA spectra of 
polyacene by the semi-empirical procedure described above, a crude ‘local’ model of 
electronic excitations was proposed to rationalize this abnormality in terms of the 
coupling between the Frenkel and the CT states [24]. Later on, a complete three-
dimensional analog of the Merrifield model of the coupling between the Frenkel and 
CT excitations of a molecular crystal has been developed for the calculation of the 
electroabsorption spectra of several interesting organic molecular crystals 
[14,21,25,87,93,94,95]. This approach is essentially non-empirical, with most of the input 
parameters estimated from quantum chemical calculations or from independent 
experiments. Based on this model, several EA spectra of interesting molecular crystals 
such as polyacenes [25], fullerene [26,27], PTCDA [21, 49,87], α-Sexithiophene single 
crystal [171], etc. have been interpreted and theoretically reproduced, with good 
agreement to experiments. It is reasonable to expect that this sophisticated approach is 
also applicable for various other organic crystals. 
Chapter 2. Theory  31 
In this model, the crystal is represented by a rigid two or three-dimensional 
lattice, containing several molecules per unit cell, dependent on the symmetry of the 
organic molecular crystals. The electronic excited states of the crystal are represented 
as a linear combination of localized Frenkel and Charge-Transfer excitons. The model 
Hamiltonian counts for all possible exciton behaviors in molecular crystals (of course 
within the Heitler-London approximation): non-interacting Frenkel exciton and their 
propagation in the crystal, processes of the Frenkel exciton dissociation into CT states 
and the corresponding recombination processes, and the propagation of the charge-
transfer excitons and  for the interconversion of the different CT states. Because the 
vibrational states are believed to be strongly coupled to the excitons in organic 
molecular crystals [14,25,83,93], they have to be also taken into account for 
construction of the Hamiltonian. The effect of the electric field is explicitly included in 
the diagonal elements of the model Hamiltonian matrix, 
FmFpEFE iii
rr
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Here, F is the applied electric field strength, and pi stands for the polarizability change 
and mr  for the dipole moment change of the corresponding states, which is a linear 
combination of Frenkel and CT excitons. The polarizability is approximated as 
isotropic and equal for CT and Frenkel states [91,164,165]. 
From the standard derivation of the probability of an optical transition, the 
absorption (or extinction) coefficient is given by  
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Here, ii µµ 0=  is the transition dipole moment for the transition from the ground 
state 0  to the excited state i , er  is the polarization vector of the incident radiation at 
frequency ν, c is the light velocity, and N is the number of molecules per cm3. The 
profile function f (ν) is represented by a Gaussian line shape  
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Based on Eq. (2.20), the EA signal ∆α is readily calculated as difference between the 
absorption coefficients at a given electric field F and at zero field.  
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In summary, although it is very complicated to use the model Hamiltonian for 
mixed Frenkel-CT excitons to interpret EA spectra of organic molecular crystals, it is 
possible to give a clear physical picture to understand the nature of the EA 
spectroscopy. The eigenstates contributing to the EA spectra can be neither pure 
Frenkel states nor pure CT states of a given radius, but are complicated mixtures of 
these two kinds of excitons [83]. In a different context, this is referred to as 
configuration interaction. Population analysis reveals that some eigenstates may be 
characterized as ‘predominant Frenkel states’ or ‘predominant CT states’, but they are 
always mixed in some extent by other kinds of excitations [83]. Furthermore, this 
interpretation of the EA spectra by model Hamiltonian procedure regards the electric 
field as constant inside organic molecular crystals, and neglects any local electric field 
influence. Ref. [96] discussed the influence of the local electric field on 
electroabsorption spectra. Up to now, this model Hamiltonian procedure for 
interpretation of EA spectra is still in development. Therefore, for the interpretation of 
the absorption and the EA spectra of the discussed quasi-one-dimensional molecular 
crystals such as PTCDA and MePTCDI, it highlights the necessity to perform model 
calculation and thorough experimental investigations to fully understand the nature of 
this kind of organic molecular crystals.  
 
2.5 Task of this dissertation 
 
References [14,15,86] presented a description of the lowest energy states 
considering the mixing of Frenkel excitons with several vibronic levels and charge-
transfer excitons. This model is able to explain the main features of the polarized 
absorption spectra of quasi-one dimensional organic molecular crystals such as N, N’-
dimethyl-perylene-3,4:9,10-dicarboximide (MePTCDI) and 3,4:9,10-
perylenetetracarboxylic-dianhydride (PTCDA). However, Vragovic et al. meanwhile 
developed a distinctively different exciton band-structure model [51,176]. This model is 
based on pure Frenkel excitons coupled to a single effective intramolecular vibrational 
mode, while neglecting any CT contributions. It includes the full 3-dimensional crystal 
geometry with two molecules per unit cell. This model can also well explain the 
unpolarized absorption spectra of PTCDA. Thus, one obvious question arises: Are CT 
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excitons involved in the lowest excitations of quasi-1d OMC such as PTCDA and 
MePTCDI? The basic idea to identify the CT exciton contribution to the lowest 
excitation is to measure the EA spectra in two different geometries: The electric field is 
applied either perpendicular or parallel to the stack direction. If the lowest excitation 
were composed of pure Frenkel or CT excitons, the EA spectra measured in two 
directions should be different. For highly ordered organic molecular crystals, due to the 
overlap of the molecular orbitals in the stack direction, the EA signals for fields parallel 
to the stack direction mainly come from the contribution of CT excitons; however, for 
electric fields perpendicular to the stack direction, the EA signals are mainly caused by 
Frenkel excitons, because the lattice constants perpendicular to the stacks are much 
larger and charge transfer is not expected. 
So far, there are few reports on electroabsorption measurements of MePTCDI 
and PTCDA available [42,45]. Furthermore, more recent papers [21,48,49,87] about 
model analysis of EA spectra of PTCDA are published based on experimental data 
from Ref. [42]. As discussed above, the electric field distribution inside organic 
samples plays an important role in the interpretation of the electroabsorption spectra. 
Ref. [42] measured electroabsorption spectra of PTCDA thin films in the geometry of 
electric field perpendicular and parallel to the substrate plane. It said nothing about the 
electric field distribution inside the organic thin film. Owing to the growth of the 
organic layer at low temperature and EA measured at room temperature in air, the 
morphology of the samples in [42] is also debatable. Furthermore, the 
electroabsorption signal in the higher energy region still needs to be improved. Ref. 
[45] presents electroabsorption spectra of MePTCDI thin films, also in geometry of 
electric field perpendicular and parallel to substrate plane, but the two measurements 
are performed with a different method (reflection geometry for electric field 
perpendicular to substrate plane and transmission geometry for parallel to substrate 
plane). Thus it is incomparable to results from these two methods. Furthermore, it 
lacks one of the most important parameters of the organic thin film: sample thickness. 
Hence, it is impossible to derive the electric field strength applied to the sample and 
thus also the amplitude of the obtained EA spectra. Therefore, it is necessary to 
perform a thorough experimental investigation on electroabsorption spectra of PTCDA 
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and MePTCDI thin films to clarify the arguments mentioned above. The whole 
experimental investigation should include the following considerations: 
• Preparing two kinds of organic thin film samples, in which the electric field can be 
applied perpendicular and parallel to the molecular plane (here we name them 
‘sandwich type’ sample for electric field perpendicular to molecular plane and 
‘coplanar type’ sample for parallel to molecular plane EA measurements). 
• Generic characterization of the organic thin film’s crystallite orientation on these 
two substrates for electric field perpendicular and parallel to substrate plane 
measurements.  
• Clarification of the electric field distribution in both two kinds of samples so that 
we can directly compare the EA spectra from two different geometry 
measurements.  
• Room temperature electroabsorption measurements both in geometry of electric 
field perpendicular and parallel to the substrate plane and comparison of the EA 
spectra. 
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Chapter 3  
Experimental technique 
 
 
In this Chapter, we introduce the investigated organic molecular crystals 
including their crystal structure, density of vapor deposited film, HOMO and 
LUMO etc (Section 3.1). Then, the measurement of the EA spectra in 
transmission and reflection geometry is discussed (Section 3.2). In the following 
Section 3.3, EA signals under various electric field distributions are presented. 
Finally, the correction of the amplitude of the measured EA signal due to the 
use of a lock-in amplifier is discussed. 
 
 
3.1 Review of the materials 
 
The electrical and optical properties of perylene derivatives have recently 
attracted much interest due to optoelectronic device application such as organic 
semiconductors, photoconductors, photoreceptors and laser materials [97,98,99,100]. 
Since Tang reported the n-type semiconducting properties of the perylene derivatives 
in p/n junction organic solar cells [1,2,3], many groups have concentrated on the 
synthesis and on the characterization of properties of perylenetetracarboxylic 
derivatives. These studies have the aim of improving the molecular functions [101,102], 
and proved that the electrical and optical properties of individual perylene analogous 
molecules are dominated by their electronic structure which can be modified by 
molecular tailoring. Up to now, of the more than 130 kinds of available derivatives 
(from Synth. Tech products catalog, 2002), MePTCDI and PTCDA have been studied 
in good detail. Firstly, MePTCDI and PTCDA have a sheet and stack crystal structure, 
and are able to grow well-ordered layers or quasi-epitaxial thin films on several 
substrates [103,104]. This is especially important for thin film applications. 
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Figure 3.1  Crystal structure of MePTCDI from data of Ref. [105]. Shown are the crystal planes as 
(100), (010) and (102). The crystal structure is monoclinic, space group P21/c, Z=2 molecules per 
unit cell, a=3.874 Å, b=15.580 Å, c=14.597 Å, β=97.650. Here, the crystal plane (102) is labeled.  
 
     Dimer 
 
 
 
 
Monome 
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Figure 3.2  Crystal structure of α-phase PTCDA from data of Ref. [106]. Shown are the crystal 
planes as (100), (010) and (102). The crystal structure is monoclinic, space group P21/c, Z=2 
molecules per unit cell, a=3.72 Å, b=11.96 Å c=17.34 Å, β=98.80. Here, the crystal plane (102) is 
labelled. 
 
Secondly, their unique electronic structures resulting from intermolecular π–electron 
overlap are considered as a model system for understanding the optical properties of 
quasi-one dimensional organic molecular crystals. Furthermore, the lowest excitation 
(S1) is well separated from other higher excitations (S2, S3 …). This allows one to 
concentrate only on the lowest excited state [105]. In MePTCDI and PTCDA crystals, 
the lattice constants along the stacks is about 3.7~3.9 Å and thereby considerably 
shorter than both the other lattice constants (about 12 Å). Figures 3.1 and 3.2 show 
the crystal structure of MePTCDI and PTCDA derived from Refs. [105,106]. Their 
38  Chapter 3. Experimental technique  
crystal structure is highly anisotropic in a characteristic way: the molecular planes 
arrange face to face, which results in closely packed one-dimensional stacks. The 
distance between the molecular planes within these stacks (3.40 Å for MePTCDI and 
3.37 Å for PTCDA) is small compared to the other lattice constants and also small 
compared to size of the molecules (e.g. N-N-distance in MePTCDI is about 11.3 Å). 
This causes strong interaction of the π–electron systems within the stacks, but a 
relatively weak interaction in the other directions. Hence, these molecular crystals are 
named as quasi-one-dimensional organic molecular crystals. At room temperature, the 
thermal vapor deposited MePTCDI and PTCDA films are polycrystalline [103,107,108]. 
Even though these MePTCDI and PTCDA films have been investigated for more than 
10 years, the knowledge about the absorption, electroabsorption, relaxation and 
recombination processes in crystals and films is still rather limited. The electrical 
properties need also be clarified further (e.g., whether PTCDA is a n-type 
[107,108,143,144,156,157] or p-type semiconductor is still under debate [20,103,153,166]).  
The highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) of PTCDA and MePTCDI thin films are needed for 
interpretation of the electrical measurements. The highest occupied molecular orbital 
(HOMO) of the PTCDA vapor deposited film is about 6.8 eV as measured by 
Ultraviolet Photoelectron Spectroscopy (UPS) [109]. The lowest unoccupied 
molecular orbital (LUMO) of PTCDA is determined to be at about 4.5 eV by Inverse 
Photoemission Spectroscopy (IPES) [166]. A larger value of about 4.7 eV is obtained 
from optical gap measurements in UV/VIS spectroscopy, if one takes the low energy 
edge of the spectrum as the semiconductor forbidden gap. For a thermally evaporated 
MePTCDI film, the HOMO is about 6.6 eV and the LUMO about 4.5 eV as given in 
Ref. [108]. Here we note that the HOMO and the LUMO value may deviate from the 
above values due to the various thin film preparing conditions and different 
measurement methods. 
The density of the vapor deposited film is necessary for the calculation of the 
film thickness. Here, for PTCDA ρ=1.6 g/cm3 and MePTCDI ρ=1.63 g/cm3 are used 
with the assumption that the density of organic molecular crystals is the same as that of 
thin films. These values are consistent with a series of optical measurements [110]. 
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The absorption spectra of PTCDA and MePTCDI in solution are well 
understood and consist of three major absorption lines which are associated with the 
lowest lying π-π* transition of the molecular π system and its vibronic satellites [111]. 
In the crystalline phase, the excited states are considerably different which is due to the 
significant intermolecular interaction of π–electron systems. This has led to the 
development of models aiming to understand the nature of the excited states in 
crystalline PTCDA and MePTCDI thin films and further applying these models to 
other quasi-one-dimensional organic molecular crystals. Therefore, the absorption and 
electroabsorption spectra of PTCDA crystalline thin films have been studied by 
different models [14,15,21,42,48,49,50,51,86].  
 
3.2. EA by Transmission geometry and Reflection geometry 
3.2.1. Absorption and Electroabsorption   
 
 
 
Figure  3.3    Transmission and reflection in a plane-parallel slab of organic samples. 
 
 
Considering the optical properties of a sample in Figure 3.3, the transmitted 
light intensity at normal incidence can be described in the terms of the sample thickness 
d, the absorption coefficient α  of organic material, and the reflection coefficient R as   
I t =I 0 (1-R)
2 exp(-α d)        (3.1) 
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Here, we assumed the same reflection coefficient from the front and back interfaces of 
the sample and neglected multiple reflections. In case of the sandwich type samples 
(see Chapter 4.1 for detailed structure); these interfaces are organic layer/ITO for the 
front interface and organic layer/Au for the back, respectively. For the coplanar type 
samples (see Chapter 4.1 for detailed structures), the front and back interface are 
organic layer/air and organic layer/glass substrate. As a first approximation, the change 
of the transmitted light intensity due to the modulation by the electric field, F, can be 
expressed as follows 
  
F
I t
∂
∂
= - I 0 exp(-α d)[ d (1-R)
2  
F∂
∂α + 2(1-R) 
F
R
∂
∂ ]    (3.2) 
Then, Eq. (3.2) divided by the unperturbed light intensity is 
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Here, T is the transmission coefficient.  Using the complex index of refraction, one 
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From Eq. (3.3) and Eq. (3.5), it can be noted that the change of the 
transmission due to the applied electric field is composed of two parts: One is the 
change of reflectance (mainly due to the change of refractive index, called Kerr Effect, 
which refers to the first term in Eq. (3.5)), and the other is the change of absorption 
(Stark Effect, which refers to the second term in Eq. (3.5)). In real cases, the 
contribution of the change of the reflectance due to the applied electric field to the 
relative change of the transmission is small for organic semiconductor materials; 
therefore its contribution to electroabsorption signal can be normally neglected. In 
other words, the Kerr effect can normally be neglected in electroabsorption 
measurements. Here we can give a quantitive value to demonstrate this point. For 
PTCDA and MePTCDI thin films (thickness larger than 100 nm), the optical constants 
in the spectral range from 400 nm to 700 nm make the first part in Eq. (3.5) much 
smaller than the second part [121,122,123], e.g. at λ=500 nm, for a 150 nm thick 
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MePTCDI layer, n = 2.0, k = 0.99, the coefficients of the first part are about 0.2 and 
0.4, much smaller than that of second part of 3.8, and can be neglected. Therefore, the 
measured relative change of the transmission is a good approximation of the product 
of the electric-field-induced change of the absorption coefficient and the sample 
thickness.  
The interface organics/metal results in interface dipoles, which also probably 
contribute to the EA signal. This will mix into the EA signals from the bulk. However, 
these interface states can only exist in several monolayers. When the sample thickness 
is large enough, the influence of the interface states on the EA signal of the bulk can be 
neglected. If it is assumed that the surface states or interface dipoles only exist for 2-3 
monolayer, then the thickness of the sample should be much larger than 2× 3 
monolayers. Only in this case, the contribution from the interface region can be 
neglected. Here, we can roughly estimate the minimum thickness of the organic layer 
for EA measurements. As discussed above, it should be much larger than 6 
monolayers. Taking 60 monolayers is reasonable; for PTCDA and MePTCDI 
molecular crystals, the thickness of a monolayer is 3.7…3.9 Å. Therefore, the 
minimum thickness of the organic layer should be about 24 nm. This estimation also 
agrees with electrical measurements for MePTCDI layers [112], where bulk properties 
were seen for thicknesses larger than 20 nm by in-situ UPS and electrical 
measurements. To eliminate the interface state influence on the EA signal from the 
bulk, the thickness of the organic layer in our experiments is larger than 100 nm. 
UPS measurements of ZnPc, Alq3 on Au and ITO show that the width of the 
space charge layers (from interface dipoles or band bending) is about 15 nm [113]. UPS 
studies of a number of metal/organic interfaces have shown that there is a shift in the 
vacuum energy level due to interface states such as charge transfer-induced dipoles or 
so-called surface permanent dipoles [114,115,116,117,118]. If the EA spectrum of the 
interface region were the same as in the bulk, then interfacial dipoles would result in a 
linear shift of the built-in potential [119,120]. However, if the EA spectrum of the 
interface region differs from the bulk, then the EA1f and EA2f spectra* should follow 
[114]: 
                                               
* For a definition of the EA 1f and EA2f spectra see Chapter 3.3.  
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where c is a constant, f (λ) is the EA spectrum due to the interface region, and g (λ) is 
the bulk spectrum. By comparing the absolute value spectra of EA1f and EA2f, the 
contribution of the interface region to EA spectra could be distinguished. If the two 
spectra are similar in shape, it implies that the contribution from the interface region 
(or surface permanent dipoles) can be neglected. 
Furthermore, other effects such as thermal effects (ITO as resistor induces an 
electrical thermal effect) may contribute to ∆T/T. Refs. [124,125] found that the sums 
of all other effects are at most only 5% of the ∆T/T. Therefore, it can be written as 
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3.2.2. Reflectance and Electroreflectance 
  
For the reflection and electroreflectance spectra, the reflected light intensity at 
normal incidence can be written in the terms of the thickness d, the absorption 
coefficient α  of the organic material, and the reflection coefficient R as (see Figure 
3.3) 
I r = R I 0 + R(1-R)
2 exp(-2α d) I 0      (3.6) 
With the same assumption used in Chapter 3.2.1, one obtains, 
r
r
I
I∆ = 
R
R∆
)2exp()1(1
)2exp()341(1
2
2
dR
dRR
α
α
−−+
−+−+ -2 α∆ d
)2exp()1(1
)2exp()21(
2
2
dR
dRR
α
α
−−+
−+−  
           (3.7) 
In the case of organic semiconductor materials, α  ~105 /cm. If d > 200nm,   
(1-R) 2 exp(-2 dα ) << 1,  so that 
r
r
I
I∆  ≈   2 ∆ R/R.        (3.8) 
Here, by the Kramers-Kronig relations, one can derive the change of the 
transmission using the measured relative change of reflection due to the applied  
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Figure  3.4  Analysis of actual detected reflection beam in EA measurements by reflection 
geometry. 
 
electric field, and further also obtain the electric-field-induced change of absorption 
coefficient. As a first approximation, the organic layer thickness for electroreflection 
measurements should be larger than 200 nm. 
For actual electroreflection measurements, since there are several interfaces to 
reflect the incident light beam, the detector collects all the reflected light beams. 
Figure 3.4 shows the detected reflection beam in EA measurements on a 
sandwich type sample in reflection geometry. The diagram has three rays: A is 
reflected at the air/substrate interface, B is reflected at the ITO/organic interface, and 
C is reflected off the back electrode. Ray B is subject to electroreflection and Ray C is 
subject to electroabsorption. Ray C is much weaker than Ray B because of the organic 
layer absorption. Ray A will add a background to the DC signal detected by the 
photodiode and weaken the apparent signal where the absorption is strong. 
Let S be the photodiode received signal, R be the intensity of light reflected 
from the substrate (Ray A), and T be the actual transmission through the film (Ray C). 
In the EA experiment, ∆S and S are measured. For small electroreflection and electric 
field modulated fluorescence signals (not a negligible term for studies of OLEDs), ∆S 
is approximately equal to ∆T. Thus, ∆T/T = ∆S/(S-R). R could be measured by 
replacing the sample by a blank substrate. Alternatively, if one assumes that the 
variation of the refractive index of the substrate is small over the measured wavelength 
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range, simply measure the source intensity, multiply by an arbitrary constant (1-2%), 
and subtract that from the signal received by the photodiode. Here it must be noted 
that R is changing its value with incident light wavelength. A simple method to get R 
will introduce additional experimental error. 
In general, electroabsorption measurements in the reflection geometry need 
additional measurements to derive the real EA signal (∆α), but in the transmission 
geometry ∆α can be easily derived from the measured relative change of the 
transmission. Therefore, it is recommended here to measure the EA spectrum by the 
transmission geometry. However, owing to the absorption of the top, bottom 
electrodes and substrates in sandwich type samples, electroabsorption measurements 
by transmission geometry are confined to a particular spectral range. Coplanar type 
samples do not require the use of the top and bottom electrodes, their electrodes are 
inside the organic layer. Hence, electroabsorption spectra of coplanar type sample 
measured by reflection geometry are, in principle, unlimited in spectral range. 
Therefore, for general spectra measurements, electroabsorption by reflection geometry 
on coplanar type samples should be employed. Because this work mainly concentrates 
on the lowest excitation of the quasi-one dimensional organic molecular crystals rather 
than the whole spectra, EA measurements in the transmission geometry are chosen.  
3.2.3. Sandwich geometry and coplanar geometry  
 
In sandwich geometry, the sample structure is glass-substrate/ITO/organic 
layer/Au/air. Light incidences from the glass-substrate side. The applied electric field is 
perpendicular to the substrate plane, so it is called ‘perpendicular measurement’. In 
coplanar geometry, the structure is glass-substrate/Au/organic layer/air. The light 
incidences directly into the organic layer. In this case, the electric field is parallel to the 
substrate plane, and one calls it ‘parallel measurement’. For the two EA measurements, 
the light reflected from the interfaces is different, therefore this has to be taken into 
account. Because the interface of the organic layer/air for ‘parallel EA measurements’ 
is less reflective (R1 < 3%) than the organic layer/Au interface (~10%) used in the 
‘perpendicular EA measurements’, asymmetries in the measured electroabsorption 
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spectra in different directions are introduced. Ref. [126] gave a formula to correct this 
asymmetry by  
)exp(sin)(8 dRn
dI
I
αδλ
λ
π
α −∆+∆=
×
∆
−      (3.9) 
Here, ∆n (λ) is the electric-field-induced change of the refraction index, which changes 
the transmission of a plane-parallel slab formed at organic film interfaces. 21RRR =  
is the average reflectivity of the front and back interfaces, and dn )(4 λπδ = . For 
theoretical interpretation of the experimental EA spectrum data, corrections to α∆ ( λ ) 
according to Eq. (3.9) have to be made. 
In summary, electric-field-induced changes of the absorption coefficient can be 
obtained either from transmission or reflection measurements. By measuring the 
change of transmission ∆ T/T ( λ ) to obtain the electroabsorption spectrum, α∆ ( λ ) 
can only be used in the case of thin organic layers (thickness range from d>24 nm to 
dα <2). For relatively thick organic layers (larger than e.g. 300nm), the transmission 
method is not usable due to a bad signal-to-noise ratio. Then, the electroreflectance 
measurement should be used to obtain the electric-field-induced change of the 
absorption coefficient. In sandwich geometry and coplanar geometry measurements, 
the reflections from several sample interfaces have to be taken into account to derive 
the real electroabsorption spectra. 
 
3.3. EA signals under various internal electric field distributions 
 
In electroabsorption measurements, in which the electric field is perpendicular 
to the substrate plane, a combined DC bias and AC voltage as external electric field is 
applied to the sample. The internal electric field can be strongly modified by different 
DC bias due to the electrical properties of the organic material such as Fermi energy 
level, contact behavior between the organic material and electrodes. As shown 
experimentally in Chapter 4.3, fresh sandwich samples show Schottky-like diode 
behavior. Hence, the variation of DC bias will strongly change the internal electric field 
distribution and furthermore will strongly influence, in principle, the EA signal 
correspondingly. For organic semiconductor materials, it is known that the contact 
behavior between the metal and organic semiconductor plays a main role in 
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determination the electric field distribution appearing in organic layer [127]. In this 
Chapter, the electroabsorption signal under different internal electric field distribution 
is discussed. At first, it starts with the simplest case that the electric field is 
homogeneously distributed inside the sample. Then, the EA signal under the Space-
Charge-Limited electric field distribution is presented. Finally, the influence of 
Schottky diode like electric field distribution on the electroabsorption signal is 
discussed.    
3.3.1. Homogeneous distribution  
 
In ideal cases, the electric field is homogeneously distributed in the organic 
semiconductor layer. This can be implemented in several cases in experiments: 
a. The organic layer is an ideal capacitor without any charge carrier injection. 
b. The organic layer is strongly doped. 
c. The energy barrier between organic material and metal electrode is small and the 
mobility of the carriers in bulk organic semiconductor is so high that no charge 
accumulation layer builds up. 
In this case, the electric field distribution in sandwich-type samples can be written as:  
d
VVxF bi−−=)(        (3.10) 
Where F(x) denotes the electric field inside the sample; V is the applied voltage; d is 
the thickness of the organic layer in the sandwich type sample; Vbi is the built-in 
potential due to the work functions difference of top metal electrode and bottom 
electrode ITO. The negative sign stands for that the mainly transported change carriers 
in the organic layer are electrons, because the investigated organic molecular crystals 
MePTCDI and PTCDA are n-type semiconductors [107,108]. It is known that the 
electroabsorption signal EA(x) is proportional to the square of the electric field [57]. 
Then, the electroabsorption signal can be written as  
)()( 2 xFxEA = .       (3.11) 
Here, the proportional constant is taken as 1 for simplification. Combining Eq. (3.10) 
and Eq. (3.11), the total electroabsorption signal should be 
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ΩEA  is electroabsorption signal under homogeneous electric field distribution. With an 
applied combined DC and AC as external electric field, 
 )cos( tVVV ACDC ω+=       (3.13) 
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Eq. (3.14) shows that the electroabsorption signal is composed of three parts: DC part, 
first harmonic part and second harmonic part. We define fEA1  as the 
electroabsorption signal measured at first harmonic frequency of the applied electric 
field and fEA2  as the second harmonic electroabsorption signal. 
Hence, they can be written as 
ACbiDC VVVd
fEA )(11 2 −∝  
2
2
12 ACVd
fEA ∝        (3.15) 
By the lock-in technique, one can obtain the first harmonic electroabsorption 
signal (EA1f) at the applied electric field frequency and second harmonic 
electroabsorption signal (EA2f) at twice the applied electric field frequency. The EA1f 
signal is proportional to the product of applied AC and DC bias. The EA2f signal 
increases linearly with the square of the applied AC bias and is independent on the DC 
bias. It is worthwhile to note that the EA1f signal is not zero even with zero applied 
DC bias due to the built-in potential. This gives a method to measure the true built-in 
potential inside samples. This measurement will be shown in the experimental data 
section (see Chapter 4.4.2.1a and 4.4.2.2a). 
3.3.2. Space Charge Limited distribution 
 
In real case, charged carrier injection is always taking place when an electric 
field is applied to an organic layer. These injected carriers will redistribute the electric 
field in the sample. Calculation of the electric field distribution in an organic 
semiconductor under charge carrier injection is based on an analytical solution of the 
continuity equation and the Poisson equation. This is a comprehensive calculation and 
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beyond our topic. If the carrier mobility of this organic material is lower and the barrier 
between organic material and metal electrode is small, carriers accumulate at the 
interface of the metal and organic material. This forms a space charge limited zone and 
changes the electric field distribution. In current-voltage (IV) measurement, this leads 
to Space-Charge-Limited currents (SCLC).  
Space charge limited currents can be described as [128] 
2'
3 )(8
9
biVVd
AI −= εµ .       (3.16) 
The electric field distribution in the organic layer as space charge limited current 
occurs can be expressed as 
Ix
A
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2)( =  .       (3.17) 
Here ε is the dielectric constant of the organic layer; µ is the majority charge carrier 
mobility in the organic material; A is the area of the sample, and 'biV  is the built-in 
potential between organic material and metal electrode. Substituting Eq. (3.16) to Eq. 
(3.17) yields: 
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Hence, one can get  
x
d
VVxFxEA bi3
2'
2
4
)(9
)()(
−
==      (3.19) 
Therefore, the electroabsorption signal from the whole organic layer is described as: 
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Compared with ΩEA  in Eq. (3.12), one obtains:  
Ω= EAEASCLC 8
9 .       (3.21) 
Here, we assume: 'bibi VV ≈ .  Eq. (3.21) tells that the electroabsorption signal of an 
organic layer under space charge limited electric field distribution is only a little larger 
than under homogeneous distribution. In Chapter 4.3, IV measurements on coplanar-
type sample show SCLC behavior. This implies that the electric field in coplanar 
samples distributes like a space charge limited electric field distribution. Therefore, the 
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magnitude of the electroabsorption spectrum of a coplanar sample is somewhat larger 
than that of a homogeneous electric field distribution. This is in agreement with many 
reports, which only measure EA in coplanar samples [44, 89,124].    
3.3.3. Schottky diode like electric field distribution 
 
If the energy barrier between the organic material and metal electrode is large 
and the injected carrier concentration in organic material is thus so low that it can be 
neglected, the applied external electric field will cause the formation of a depletion 
layer. The electric field in the organic layer can be described by standard Schottky 
theory as [128] 
xqNFxF D
ε
−= max)(   Wx ≤<0  
0)( =xF                    dxW ≤≤ .     (3.22) 
Here W is the width of depletion layer in the organic layer due to the applied electric 
field; 
W
VV
F bi
)(2 '
max
−
= ; V is the external voltage (V< 0 for reverse) and 'biV  stands 
for the built-in potential between organic material and metal electrode. Eq. (3.22) 
shows that the electric field linearly scales with the thickness only in the depletion 
layer; for the large bulk zone, the electric field is zero. Hence, there should be no 
electroabsorption signal from the bulk material. The width of the depletion layer is  
)(2 ' VV
qN
W bi
D
−=
ε  .      (3.23) 
Eq. (3.22) can be rewritten as  
)1(
)(2
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'
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W
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therefore, the electroabsorption signal can be described as 
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Again, the electroabsorption signal of the whole organic layer is given by 
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d
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00
)(1)(1      (3.26) 
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revEA  is denoted as electroabsorption signal in the depletion regime. Comparing with 
the electric field homogeneous distribution, one obtains: 
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As before, the applied electric field is described by Eq.(3.13), and 
assuming DCbiAC VVV −<<
' , and combining Eq. (3.26) and Eq. (3.13): 
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Eq. (3.30) neglected the higher order term of the Taylor expansion. Therefore, 
ACDCbi VVVdW
fEA )(21 '
0
−∝  
2
02
12 ACVdW
fEA ∝  .      (3.31) 
Therefore, in case of a Schottky like contact between organic layer and metal 
electrode, one can also get the first harmonic electroabsorption signal (EA1f) at 
applied electric field frequency and the second harmonic electroabsorption signal 
(EA2f) at twice applied electric field frequency with a lock-in amplifier. EA1f is 
proportional to the product of AC voltage and DC bias, and EA2f signal linearly 
increases with the square of the AC voltage. This is consistent with the homogeneous 
electric field distribution. However, the origins of the electroabsorption signal are 
different for these two different electric field distributions. In Schottky diode like 
electric field distribution, the origin of the electroabsorption signal comes from the thin 
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depletion layer rather than from a bulk layer in homogeneous distribution. Therefore, 
the amplitude of both EA1f and EA2f signal is modulated by the width of the depletion 
region.  
It has to be noted that the above analysis is based on the small signal 
approximation ( DCbiAC VVV −<<
' ) and the standard Schottky model: the amplitude of 
AC voltage is much smaller than the DC bias; hence the depletion layer is stable 
enough to be measured. This small signal approximation can be satisfied easily in 
electrical measurements, such as impedance spectroscopy and capacitance-voltage 
measurements. In impedance spectroscopy measurements (Chapter 4.3.3.3), the AC 
voltage is 20mV and much smaller than the applied DC bias (from –1 to +1V). 
Experimental data of a depletion layer in a sandwich type sample of PTCDA and 
MePTCDI thin film will be shown in Chapter 4.3. However, the small signal 
approximation is very hard to implement in actual electroabsorption measurements. In 
reality, the 100~300 nm thick PTCDA and MePTCDI thin films are hard to stand DC 
bias larger than 10 V. To implement the small signal approximation, the AC voltage 
should be smaller than 1 V. Because the electroabsorption signal is proportional to the 
square of the AC voltage, and it quadratically decreases for decreasing the AC voltage. 
At the AC voltage <1 V, the signal-to-noise ratio becomes bad in the current 
experimental setup, therefore it is difficult to investigate whether the amplitude of the 
EA signal is modulated by the width of the depletion region. Furthermore, as the 
amplitude of the AC voltage is comparable to the DC bias, the electrical properties of 
the depletion layer are unknown. In Chapter 4.4.3.3, the electroabsorption signals of 
sandwich type MePTCDI sample will be compared under various DC bias values. 
3.3.4. General distribution 
 
If there is some small amount of charge carriers randomly distributed in the 
sample, it can be assumed that the whole electric field is composed of a homogeneous 
electric field distribution )(xFΩ (constant field in sample) and a small correction 
distribution )(x∆ .  
The electric field distribution can be described as  
)()()( xxFxF ∆+= Ω  .      (3.32) 
Therefore, the electroabsorption signal can be expressed as 
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The integral is 
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The electroabsorption signal under a small amount of randomly distributed free carrier 
inside the sample can be described as 
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Eq. (3.36) shows that if there is any continuous deviation from a homogeneous field, 
the measured electroabsorption signal is always larger. Only if the external potential 
drops discontinuously within a very thin and optically non-active surface layer, the 
observed EA signal will be smaller than in a homogeneous field.  
3.3.5. Summary of EA signal under electric field distributions  
 
In summary, the electroabsorption signal under different electric field 
distribution is discussed. When the electric field is constant throughout the sample, the 
electroabsorption signal EA1f is proportional to the product of applied DC bias and 
AC voltage amplitude; the EA2f is proportional to the square of AC voltage and 
independent on the DC bias; the EA signal from different regions is the same. Under 
Space-Charge-Limited electric field distribution, the electroabsorption signal of 
different regions is different, the total signal of the whole sample is slightly larger than 
that under homogeneous distribution. When the sample shows Schottky diode 
behavior, under the small signal approximation (Vac<<Vdc) and standard Schottky 
model, the electroabsorption signals are different for the accumulation regime and 
depletion regime. As forward DC bias is applied, the sample works in accumulation 
regime. The electroabsorption signals are from the bulk. For applied reverse DC bias, 
the sample is in depletion regime, and the EA signals only originate from the thin 
depletion layer and there is no contribution from the bulk layer. If the electric field is 
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irregularly distributed due to random free charges, the electroabsorption signal is 
always larger than for the homogeneous distribution.  
3.4 Lock-In Amplifier Corrections 
  
In order to get the real amplitude of the electroabsorption signal from 
experiments, it is necessary to make some corrections to the raw data as a result of the 
signal processing that is performed, primarily from the lock-in amplifier (LIA). As the 
light intensity is chopped by a mechanical chopper, the light striking the detector can 
be written as follows: 





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+== ∑
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141
2
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n
tn
n
TIFI ω
π
 ,   (3.37) 
where 0I  is the light intensity incident on the sample, and T is the total transmission of 
the electrodes, organic layer and substrate. The right part of Eq. (3.37) describes a 
square wave with minimum and maximum values of zero and one. The lock-in 
amplifier picks out only the component at frequency ω and provides the rms value. 
Therefore, the lock-in amplifier output with no applied electric field is given by  
π
2
2
1)0( 0TIFL == .      (3.38) 
Here, L(0) was normally used as the transmission value in the experiments 
[40,78,82,124,125] (we simplified this step, see below). The electroabsorption signal is 
measured with no mechanical chopping of the light, but with modulation of the electric 
field )cos()( tFFtF ACDC ω+= . The electric-field modulated light striking the detector 
can be described as: 
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Here, ∆T is the electric-field-induced change in transmission of the sample, known as 
2CFT =∆  with proportionality constant C. Here, an assumption is made that the 
electric-field-induced change of transmission is much smaller compared to the static 
transmission: ∆T << T. In Eq. (3.39), the front three terms are only DC components 
and are not be detected by a lock-in amplifier, but by a digital multimeter. The lock-in 
amplifier picks out only the component at frequency ω or 2ω (as usual EA1f, and 
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EA2f), and provides the rms value. Therefore, the lock-in output under electric-field 
modulation is given by: 
  )1(22
2
1)( 001 fTIFCFIFL ACDC ∆==     (3.40) 
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Combining Eq. (3.40), Eq. (3.41) and Eq. (3.38) yields 
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Therefore, for the EA1f, the lock-in output data L1(F)/L(0) in normal chopped EA 
measurements must be multiplied by the factor 1/π  to get a correct value of the 
relative change of transmission. For the EA2f, the factor is 4/π. 
As described in Chapter 4.4.1, we directly get the transmission of the sample by 
measuring the DC voltage at the detector. Thus, we can get ∆T from the lock-in 
amplifier and T from the digital multimeter separately. 
From Eq. (3.39), this DC voltage is proportional to 
TICFICFITII ACDC 0
2
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2
002 2
1)0( ≈++==ω .   (3.44) 
As the constant C <<1, the second and third term in Eq. (3.44) is neglected for 
simplification. With Eq. (3.44) into Eq. (3.40) and Eq. (3.41), one obtains 
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Therefore, the electroabsorption signal EA1f is somewhat smaller than the raw 
experimental data L1 (F)/I2, but EA2f is about 3 times larger than measured L2 (F)/I2. 
In Chapter 4, the measured electroabsorption signal L1 (F)/I2 and L2 (F)/I2  should be 
multiplied by a factor to get real EA spectra.  
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Chapter 4 
 
Experimental results and Discussion 
 
In this Chapter, we present the preparation procedure of the two kinds of 
samples used in the perpendicular and parallel EA measurements (Section 4.1). 
Then, the thin film samples are individually characterized for their crystalline 
texture by X-ray diffraction measurements (Section 4.2). Furthermore, in 
Section 4.3 results of IV, Cf and CV measurements are presented to clarify to 
some extent the electric field distribution in the samples. Finally, 
electroabsorption spectra of PTCDA and MePTCDI thin film and some 
interesting effects observed in EA measurements are discussed (Section 4.4). 
  
4.1 Sample Preparation 
4.1.1 Material purification 
 
Organic materials such as PTCDA and MePTCDI are commercially purchased 
from Adrich GmbH and BASF AG. Before these materials are loaded into an Ultra-
High-Vacuum growth chamber for evaporation, it is necessary to purify these organic 
materials. There are two advantages of this procedure. First, purification of the organic 
materials is essential for assuring that the thin films are reasonably free of impurities 
[129,130]. This is a basic requirement for reproducible experimental results. 
Furthermore, purification is required to prevent contaminants from entering the UHV 
chamber, which might result in a high base pressure and pollute the evaporation 
source. There are several techniques for purification of organic materials, including 
thermal gradient sublimation [129,130], zone refining from melt [131], chromatography 
[129,131], etc. In our institute, a homemade thermal gradient sublimation setup is 
available [107].  
 The organic material as purchased (PTCDA or MePTCDI) is placed at the end 
of a fused-silica tube, which is evacuated to high vacuum (approx. 10-5 mbar). After 
24-hour preheating at about 200°C for both PTCDA and MePTCDI to remove water 
vapor, the tube is heated using three different temperature zones furnace, where an 
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outer copper tube ensures a smooth temperature gradient. The temperatures of the 
different zones are optimized in a way that the organic material sublimes from the first 
zone in which the temperature is slightly above the sublimation point and recrystallizes 
in the colder other two zones. The vacuum sublimation temperatures for PTCDA and 
MePTCDI are about 400°C and 335°C, respectively. The optimized temperature 
should be high enough to sublime the organic materials, but low enough to prevent 
thermal decomposition. For PTCDA, the temperature of the three zone furnaces are 
400°C, 330°C, and 250°C respectively, and the values for MePTCDI are 335°C, 
290°C, and 220°C. The different recrystallized components of the initial material are 
then spatially separated and can be collected separately. After purification in two 
successive cycles using this thermal gradient sublimation procedure, pure PTCDA and 
MePTCDI can be obtained and kept in another small vacuum chamber for later use.  
 
4.1.2 Sample preparation 
 
Fig 4.1.1 shows the two kinds of sample structures: ‘sandwich type’ and 
‘coplanar type’. These two types are designed for electroabsorption measurements 
with modulation electric field perpendicular or parallel to the substrate plane, 
respectively. 
For the coplanar samples used in electroabsorption measurements with the 
electric-field parallel to substrate plane (‘parallel measurements’), the Au-electrodes 
were patterned directly onto a glass substrate using photolithography. The glass 
substrate is precleaned by normal procedure as discussed in the following. Metal layers 
consisting of 20nm thick Ti following by 50~100nm thick Au are electron-beam 
deposited and then photolithgraphically patterned to form a series of 0.1×1mm 
interdigitated electrodes with 5 µm or 10 µm spacing between adjacent fingers. The 
photolithography procedure was carried out at the Institut für Halbleiter und 
Mikrosystemtechnik, TU Dresden. 
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Glass substrate
Au electrode
ITO electrode
Organic layer
Silver paint
 
 
Figure  4.1.1  Sample structure for ‘perpendicular’ and ‘parallel EA measurements’. 
 
For sandwich samples used in electroabsorption measurements with the 
electric-field perpendicular to the substrate plane (‘perpendicular measurements’), a 
commercial precoated glass substrate with Indium Tin Oxide (ITO) on the surface is 
used to form the bottom electrode. The RMS roughness of the substrates is about 1 
nm [132]; it should thus have no influence on the roughness of organic layers. Its 
transmission between 350 nm and 1200nm is larger than 80 % (shown in Figure 4.1.3). 
The sheet resistance of the ITO layer is typically 50…80 Ω per square, so it should 
have negligible influence on the electrical measurements of the organic layer. Prior to 
loading the substrate to the vacuum chamber, a precleaning is made to ensure that the 
substrate is free of dust and chemical impurities. It is well known that precleaning is 
one of the most important factors for high efficiency and stability of organic light 
emitting diodes and solar cells [113]. For our case, this precleaning is an important step 
to prevent electrical shortcuts. Substrates with patterned electrodes are first precleaned 
in deionized water in an ultrasonic bath for 15…30 min, then successive in acetone and 
ethanol for 30 minutes. Finally, samples are dried in a nitrogen gas flow. 
The evaporation of the organic layer on the substrate is done in a UHV organic 
materials growth chamber, which base pressure is smaller than 4×10-8 mbar. For 
sandwich type samples, an organic layer was evaporated on substrates with bottom 
electrodes. The evaporation rate is 0.1…0.2 nm/s for MePTCDI and 0.1 nm/s for 
 
Monomer       Dimer 
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PTCDA measured with a quartz monitor. During evaporation, glass substrates are kept 
at room temperature and polycrystalline films are formed [107,108]. The densities of 
these organic materials needed for the calculation of the film thickness are obtained 
from the crystal data with the assumption that the density of a physical vapor deposited 
film is the same as that of the crystal. In the experiments, ρ =1.6 g/cm 3  for PTCDA 
and ρ =1.63 g/cm 3  for MePTCDI has been used. These data were also confirmed in a 
series of optical measurements [110]. A corresponding AFM image of a 100 nm-thick 
MePTCDI layer shows that the average roughness is smaller than 7 nm. After 
evaporation of the organic layer, samples are transferred to another chamber, which 
allows evaporation of various metals such as Al, Au, Ag and Mg: Ca as top electrodes 
without exposing the samples to air. The base pressure in the metal chamber is of the 
same order as in the organic growth chamber. A top electrode of gold is then 
evaporated onto the organic layer at a rate of 0.1… 0.2 Å/s for sandwich type samples. 
Its thickness is about 10 … 15 nm. At this thickness, the Au layer is half-transparent 
(see Figure 4.1.3) and ensures that enough light can transmit the sample and can be 
detected by the photodiode. Figure 4.1.1 shows the geometry and preparation steps of 
sandwich type samples. For coplanar type samples, an analogous procedure is followed 
without the top gold electrode evaporation. 
4.1.3 Experimental optimization of sample parameters 
 
There are two parameters which need to be optimized for sandwich samples: 
One is the thickness of the organic layer, another one is the choice of the top electrode: 
which kind of metal and which thickness. Both parameters are important for the 
electroabsorption measurements and analysis of the experimental data. A large 
thickness of the organic layer ensures to measure the bulk behavior (see discussion in 
Chapter 3.2), but makes it difficult to detect the EA signal in transmission geometry. A 
large thickness of the top electrode gives a good electric contact, but prevents light 
beam transmission, leading to difficulties in signal detection. Furthermore, a sharp 
absorption spectrum of the top electrode in the spectral range of interests 
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Figure 4.1.2  Absorption spectra of sandwich type MePTCDI samples with various thicknesses. 
 
(400 nm…700 nm wavelengths) also makes problems in signal process. Figure 4.1.2 
shows the absorption spectra of sandwich type MePTCDI samples with various 
thicknesses, measured with a UV-VIS spectrophotometer (SHIMADZU UV-3100, 
UV-VIS-NIR Recording Spectrophotometer). The lowest absorption band of Me-
PTCDI lies between 2 and 3eV, with main peaks at 2.2 eV and 2.55 eV. Due to the 
large absorption of the MePTCDI layer (>300 nm), the transmission of the thick 
organic layer sample is much lower, which is inconvenient for detecting the EA signal 
by transmission geometry. On the other hand, samples with thin MePTCDI layer (<100 
nm) are more likely to give an electrical shortcut because of their polycrystalline 
structure on both ITO and glass substrate. Therefore, the thickness of MePTCDI layer 
should be in the range of 100 nm …300 nm. For PTCDA, the optimum thickness 
range is almost the same. 
Figure 4.1.3 shows transmission spectra of different metals (Ag, Al, ITO, Cr, 
and Au) at various thicknesses. From the optical point of view, for an ideal electrode 
the transmission spectra should be flat in the interesting spectral range from 400 nm to 
700 nm (or 1.7 … 3.0 eV) and should have high transmission. ITO is chosen as bottom 
electrode. Thin film Al and Cr have flat spectra in the interesting spectral 
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Figure  4.1.3  Measured transmission spectra of metals for optimization of the top 
 electrode of sandwich samples. 
 
range (1.7…3.0 eV), but bad transmission ratio. Au and Ag have higher transmission 
ratio, but the absorption spectra are not flat. Therefore, none of the metals Au, Al, Ag, 
and Cr are ideal top electrodes for sandwich type sample or electrodes in coplanar type 
samples. On the other hand, reports on interfaces between PTCDA and metals from 
UPS measurements [153,154,155] show that low work function metals such as Al, In, Ti 
and Sn react with PTCDA at room temperature and form an interface layer, whereas 
inert metals such as Au and Ag show no apparent interface layer. Therefore, Au has 
been chosen as top electrode. Its thickness should be smaller than 15 nm for optical 
reasons, and larger than 10 nm for good electrical contact. This is in agreement with 
the choice of the electrode in other electroabsorption measurements [44,89,124,125,134].  
 
4.2 X-ray diffraction measurements  
4.2.1. Basic principle and experiments  
 
As described in Chapter 4.1.2, two kinds of samples are prepared for 
electroabsorption measurements with electric field perpendicular and parallel to the 
substrate plane. The crystalline orientation in these two kinds of samples is 
characterized by X-ray diffraction measurements in Bragg-Brentano geometry. The 
measurements were carried out at the Institut für Festköper-und Werkstoffforschung 
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Dresden. The X-ray source emits Co Kα radiation with two close lines at wavelengths 
1.7890 and 1.7932 Å, respectively. 
In normal Bragg-Brentano measurements, the incident angle of the X-ray beam 
(measured from the plane of the film sample) is Θ and the X-ray intensity diffraction by 
the lattices of the organic crystallites is measured in the direction of specular reflection. 
The detected intensity of the reflected beam is recorded versus the full angle of the 
deflection 2Θ. Diffraction peaks appear if the crystal planes with a plane distance d lie 
parallel to the sample plane and the Bragg condition is fulfilled for the diffraction order 
n: 
 
Θ= sin2dnλ         (4.2.1) 
 
Assuming that the peak width ∆Θ  of diffraction peaks is only determined by 
the finite size of the scattering crystallites, the size B can be estimated from the 
Scherrer-Equation [167] 
 
Θ∆Θ
=
cos
9.0 λB        (4.2.2) 
 
Since experimental effects or deviations from the ideal crystal structure also 
cause broadening of the diffraction peaks, the value B obtained from Eq. (4.2.2) only 
gives a lower limit for the size of the crystallites.  
4.2.2 Results and discussion 
 
Three kinds of samples with 215 nm thick organic layer both for PTCDA and 
MePTCDI are prepared at room temperature on substrates as quartz glass, ITO, and 
quartz glass/Chromium/Gold, respectively. The amount of X-ray intensity scattered 
back by typical organic layers is considerably smaller compared to layers of inorganic 
materials. Hence, a minimum of at least 150 nm organic layer thickness was required  
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Figure  4.2.1  Results of MePTCDI thin layer on various substrates from XRD measurement. Color 
curves (red, green, black) refer to samples MePTCDI on substrates as quartz glass/Chromium/Au, 
ITO and quartz glass, respectively. The light black curve refers to powder samples (adapted from 
[135]).  
 
to achieve a reasonable signal-to-noise ratio. Samples on quartz glass are required for 
the ‘parallel geometry’ electroabsorption measurements, and on ITO for the 
‘perpendicular geometry’ measurements. Additionally, substrates with 
quartz/Chromium/Gold may serve as an alternative bottom electrode substituting the 
transparent ITO. Figure  4.2.1 and Figure  4.2.2 plot the reflected X-ray intensity 
versus the total diffraction angle 2Θ of PTCDA and MePTCDI layers on various 
substrates. The signal of a powder sample is additionally plotted for comparison. The 
theoretical positions of lattice planes according to Refs. [135] and [136] are indicated 
by the vertical gray dashed lines. Moreover, several important lattice planes are 
labeled. The powder spectra (PTCDA from [135] and MePTCDI from [136]) are 
introduced here to indicate the peak positions expected from a single crystal and to 
convey the ratio of peak intensities. However, the reproduction shown here can not be 
used to compare absolute peak intensities of the powder with the intensities of thin 
PTCDA and MePTCDI layers.  
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Figure  4.2.2 Results of PTCDA thin layer on various substrates from XRD measurement. Color 
curves (red, green, black) refer to samples PTCDA on substrates as quartz glass/Chromium/Au, 
ITO and quartz glass, respectively. The light black curve refers to powder samples (adapted from 
[136]). 
 
It is obvious that PTCDA forms highly ordered films with the (102) parallel to 
substrate for all three kinds of samples. The absence of the other peaks indicates that 
no further lattice planes are found parallel to the substrate plane. The azimuthal 
orientation of the crystallites can not be determined from the Bragg-Brentano 
measurement. From the increasing intensities of the (102) peak, it is evident that the 
degree of the ordering increases from quartz glass through ITO to chromium/gold 
substrates. For PTCDA layers on quartz glass, ITO and Au, all lattice plane peaks 
except of the (102) peak vanished in XRD measurements. This shows that ordered 
growth is successfully achieved.  In general, the MePTCDI layers tend to less ordered 
growth in comparison to PTCDA, since the intensities of the peaks are much weaker. 
Besides the (102) lattice plane peak, others like the (011) and (002) reflexes are also 
present. Hence, the layers contain a considerable amount of crystallites which stack 
axes are also oriented parallel to the substrate plane. The degree of ordered growth 
varies strongly with the substrate. On quartz glass, even an almost isotropic growth is 
observed. For the PTCDA and MePTCDI layers on quartz glass substrates, the results 
show different behavior: MePTCDI layers show a quite isotropic behavior and 
PTCDA layers an anisotropic one. For MePTCDI layer, besides the (102) lattice plane 
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peak, also the (011) and (002) peaks can be seen, even the intensities of (011) and 
(012) peaks are comparable. This could be explained only by a considerable amount of 
crystallites with their stacks oriented parallel to the substrate plane. Comparing the 
intensities of the (102) peaks of MePTCDI layers on quartz glass, ITO and 
chromium/gold, it shows the tendency from random orientation to ordered growth for 
organic layer on various substrates.  
4.2.3 Conclusion of XRD measurements 
 
In conclusion, for PTCDA layers, the crystal plane (102) lies parallel to the 
substrate plane for all three kinds of substrates. Because PTCDA layers on quartz glass 
are designed for the coplanar type sample and PTCDA layers on ITO for the sandwich 
type sample, the applied electric field is perpendicular to the crystal plane (102) in 
‘sandwich geometry’ electroabsorption measurements and parallel to the crystal plane 
(102) in ‘coplanar geometry’ measurements. Furthermore, Refs. [14,135] shows that 
the angle between the crystal plane (102) and PTCDA molecular plane is about 5°. 
Thus, it is reasonable to conclude that the electric field is perpendicular to the PTCDA 
molecular plane in sandwich samples and parallel to the molecular plane in coplanar 
samples. For MePTCDI layers on ITO substrates, XRD measurements show weak 
orientation of the crystallites. Therefore, only in sandwich geometry electroabsorption 
measurements the texture ensures that an electric field is likely perpendicular to the 
molecular plane. For MePTCDI layers on quartz glass, XRD measurements show 
random orientation of the crystallites. Therefore, in coplanar samples any orientation of 
the crystal plane with respect to the direction of the applied electric field is possible. In 
‘parallel electroabsorption measurements’, the electroabsorption signal is composed of 
contributions from almost all possible orientations of the molecules with respect to the 
direction of the applied electric field.  
 
 4.3 Electrical properties of sandwich type and coplanar type samples  
4.3.1 Introduction  
 
  The detailed understanding of the electric behavior of sandwich and coplanar 
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type samples used in electroabsorption measurements turns out to be extremely 
difficult. The difficulty is that the conductivities of pure organic molecular materials are 
mostly very low and a small amount of impurities or gases such as oxygen and water 
vapor tremendously influences the electrical properties [137,138,139,140]. Our institute 
has succeeded in obtaining higher conductivity of organic molecular materials (matrix 
materials) by doping small metal atoms or organic molecules (dopants) 
[141,142,143,144]. This technique was also applied for improving organic optoelectronic 
devices such as organic light emitting diodes and organic solar cells 
[145,146,147,148,149,150]. However, there are still many mechanisms to be understood. 
Nevertheless, in this Section, our main intention is to clarify the following questions, at 
least partially:  
• In electroabsorption measurements, the lock-in technology will be used. In this 
technology, a modulation AC voltage will be applied to measured samples. Which 
frequency and amplitude of the modulation AC voltage in electroabsorption 
measurements should be used? 
• The electroabsorption signal is proportional to the square of the strength of the 
electric field. By applying a large electric field, detecting the electroabsorption 
signal is convenient. However, a large electric field is more likely to cause a 
shortcut of thin film samples. Normally, the strength of the applied electric field is 
on the order of 105 V/cm. Can the thin film sample survive under such a high 
electric field?  
• As discussed in Chapter 3.3, the electric field distribution will have a strong 
influence either the amplitude or the origin of the electroabsorption signals. How is 
the electric field distribution in sandwich and coplanar samples?  
These three questions directly relate to successful measurements of electroabsorption 
signals and the analysis of obtained electroabsorption spectra. They can be answered 
by a series of electrical measurements. Current-voltage (IV), impedance spectroscopy 
as capacitance–frequency (Cf) and capacitance-voltage (CV) measurements are 
performed on sandwich-type PTCDA and MePTCDI samples. Due to their geometry, 
the capacitance of the coplanar samples is too small to be detected with our current 
apparatus (C is estimated to be about 10-5 nF, when a relative dielectric constant for 
organic materials of 3.5 is used [48]). Therefore, on coplanar-type PTCDA and 
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MePTCDI samples, only current-voltage measurements are made. Most of these 
measurements are performed in air. It is noted that oxygen and water vapor from the 
atmosphere have a strong influence on the electrical measurements. For PTCDA and 
MePTCDI thin film samples, it will be shown in the experimental part that oxygen 
acting as unintentional dopant decreases the conductivity of these quasi-intrinsic 
organic semiconductors*. However, these dopant molecules or impurities cause no 
detectable change in the absorption and electroabsorption spectrum in the interesting 
spectral range (λ = 400nm…700nm). This unintentional doping makes a quantitive 
analysis of the electrical measurements of these organic thin layer devices much more 
difficult. 
 
  4.3.2 Principle and experiments 
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Figure 4.3.1 Schematic view of the real and imaginary part of the impedance  
for a thin organic single layer in an equivalent circuit. 
 
Organic thin layer devices can often be described in equivalent circuits by a 
resistor pR  and a capacitor pC  in parallel. Hence, the whole impedance Z of the 
organic thin layer device can be described as  
jXR
CRj
R
j
R
Z
pp
pp +=
+
=
+
=
ωωτ 11
.     (4.1) 
                                               
* Quasi-intrinsic organic materials refer to those materials without any intentional doping.  
Chapter 4. Experimental results and discussion 67 
Here, 
σ
ε
τ == ppCR  is the relaxation time of this equivalent circuit, ω=2πf is the 
angular frequency of the AC voltage, ε is the dielectric constant and σ the conductivity 
of the organic material. R and X are the real and imaginary part of impedance and can 
be measured directly with the apparatus. Figure 4.3.1 plots the qualitative behavior of 
the real and imaginary part of the impedance versus frequency. When the slope of both 
curves moves to low frequency, the conductivity of the material decreases.  
At low frequency, the real part of the impedance spectrum looks like a resistor 
behavior, and at high frequency the imaginary part looks like a capacitor. In 
experiments, a small AC voltage (20 mV amplitude) with a superimposed DC bias is 
applied to the organic thin layer device. By scanning the frequency and fixing the DC 
bias, the apparatus measures the R and X value for a specific frequency, then 
Capacitance-frequency (Cf) spectra (Rp and Cp vs. frequency) can be obtained, and 
varying the DC bias at a specific frequency is for Capacitance-Voltage (CV) 
measurements. The real part and imaginary part of Eq. (4.1) can be measured in 
experiments. Then, the resistance and capacitance of the organic thin layer device can 
be written as 
)( 2
2
RX
XC
R
R
XR
p
p
+
−=
+=
ω
         (4.2) 
Furthermore, if the organic thin layer device shows Schottky-like diode 
behavior, which appears for many organic-metal interfaces, the electrical behavior is 
different in the accumulation regime and in the depletion regime. In the depletion 
regime, the organic thin layer device can be treated as two parts: a thin depletion layer 
and a bulk layer. Both layers have different capacitance and resistance: DZC  and DZR  
for the depletion layer, and bC , bR  for the bulk layer. Normally, the depletion layer is 
much thinner than the bulk layer, but its resistance is much larger than the bulk layer. 
Therefore, its capacitance is much larger than the bulk layer. Thus, the whole 
capacitance of the organic layer is DZp CC ≈ . The capacitance DZC  and thickness 
DZd of the depletion zone can be expressed by [128] 
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If the donor density ND of the depletion layer is constant throughout the whole 
depletion layer, the experimental data 2/1 DZC  should linearly follow the DC bias (Eq. 
(4.5)). Hence, the donor density ND of the depletion layer can be obtained by CV 
measurements according to Eq. (4.5). If the donor density ND of the depletion layer is 
not constant, the differential capacitance method can also be used to determine the 
doping profile. In the accumulation regime, the depletion layer does not appear. 
Hence, bulk resistance and capacitance dominate the electrical behavior. By measuring 
capacitance-voltage and capacitance-frequency spectra, the capacitance and resistance 
of the depletion layer can be obtained. However, the above discussion is rather 
simplified since it assumes ideal conditions. In reality, the two requirements for the 
depletion approximation, that the depletion region is free from mobile charges and has 
abrupt boundaries, are hard to satisfy. 
In summary, when the organic single layer device shows the Schottky-like 
diode behavior, the resistance, the width and the donor density of the depletion layer 
and the conductivity of the bulk material can be obtained by IV, Cf and CV 
measurements. On the other hand, the obtained experimental data DZC , DZR , bC  and 
bR  can be used to fit the Cf spectra to verify the employed electrical model for organic 
thin layer devices. Refs. [151,152] give more details about impedance spectroscopic 
measurements on organic thin layer devices. 
Experimentally, current-voltage measurements on sandwich-type samples and 
coplanar-type samples are carried out with a Keithley source-measure-unit model 236. 
Capacitance-frequency and capacitance-voltage measurements on sandwich-type 
samples are performed with a HP4284A LCR-Meter. The Keithley source-measure-
unit and HP4284A LCR-Meter are connected to a PC computer for data recording by 
a standard IEEE card. These measurements can be done either in-situ in the UHV  
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Figure  4.3.2   Current-voltage curves of a sandwich type PTCDA sample. 
 
growth chamber or in air. The following electrical measurements are mostly done at 
room temperature in air; these conditions are comparable to the conditions during 
electroabsorption measurements.  
4.3.3 Experimental data and discussion 
4.3.3.1 IV of Sandwich-type PTCDA and MePTCDI sample 
 
 Figure 4.3.2 shows the IV curves of the sandwich type sample of PTCDA 
exposed to air for various periods. The left curves are plotted in linear scale, and the 
right ones in logarithmic scale. These measurements are conducted on a sample with 
structure ITO/150 nm PTCDA/11 nm Au in air. The sample had been kept in a UHV 
storage box for 4 days to check the conductivity change in vacuum. In order to get 
reproducible experimental results, the delay period for applying a DC bias and 
measuring the current (waiting time) should be carefully chosen. It is found that the 
waiting time becomes larger with the time the sample is kept in air. ITO is normally 
taken as anode and Au as cathode. The same polarity is used in electroabsorption 
measurements. After the sample is exposed to air, a clear diode behavior can be seen. 
As a first approximation, a Schottky-like diode is supposed. The work function of ITO 
is in the range 4.2~ 4.8 eV [128,159] dependent on various processing procedures, and 
for Au it is 5.1~5.2 eV [160]. The LUMO of PTCDA in thin layers is 4.5 eV [166]. 
From the energy band diagram, both contacts of ITO/PTCDA and PTCDA/Au are 
possible Schottky contact. Because the evaporation of hot Au atoms on the organic 
layer may create surface states due to the diffusion of Au atoms, it is possible 
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Figure  4.3.3   Current–voltage curves of a sandwich type MePTCDI sample. 
 
that the PTCDA/Au contact is an ohmic contact. From the IV curves, one can see that 
as a positive bias is applied to this organic single layer device, the current increases 
with applied voltage; this indicates that the contact between Au and n-type organic 
semiconductor material PTCDA* seems to be an ohmic contact in atmosphere at room 
temperature. However, this is in contrast to the results of UPS measurements in Refs. 
[153,154,155]. The reasons are perhaps different sample preparation conditions leading 
to some unknown surface states [108].  Additionally, in-situ IV measurements on 
samples with sandwich structure Au/500 nm PTCDA/Au show Space-Charge-Limited 
like currents. These verify the experimental results of the sandwich type sample 
presented above. However, the current-voltage curves in Figure 4.3.2 deviate from the 
ideal behavior and cannot be fit by the exponential equation. The forward currents for 
applied DC bias >0.2 V increase linearly and are dominated by the bulk resistance. This 
allows calculating the conductivity of the bulk material. The conductivity is on the 
order of 10-7 S/cm, which is in agreement with Refs. [107,156]. Under reverse DC bias, 
it shows saturation current and implies that there is a depletion layer in the device. The 
width and resistance of the depletion layer can be determined by capacitance-frequency 
and capacitance-voltage measurements under Schottky diode approximation. Figure 
4.3.2 shows also that the forward current decreases dramatically with time exposed to 
air which is the manifestation of the decrease of conductivity in bulk materials. This 
behavior can be understood by unintentional doping. Oxygen gas acts as p-type 
dopant, which diffuses into the organic devices and compensates the electron donors. 
This decreasing of the conductivity in air also indicates that the PTCDA layer has n-
                                               
* Although there is debate about whether PTCDA is a n- or p-type semiconductor [20,103,107,108, 
143,144,153,156,166], our results show that PTCDA and MePTCDI both have n-type behavior. 
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type semiconducting behavior [157]. The reverse current decreases slowly compared 
with the forward current. Therefore, it is reasonable to expect that after a period of 
unintentional doping, the Schottky-like diode behavior disappears (the density of 
impurity donors becomes lower) so that the applied electric field becomes 
homogeneously distributed in the sample. Compared with the IV curve measured in 
vacuum, the forward current changes not significantly, but the reverse current 
decreases about 5 orders of magnitude. This infers that there is an unknown process 
taking place while the sample is exposed to air. It is worthwhile to note that the 
reverse current of samples exposed to air for 10 minutes ~1 hour is relatively large. 
Perhaps this means that the unknown procedure is still going on during measurements. 
Later, capacitance-voltage data also prove this argument.  
Fig 4.3.3 shows IV curves of a sandwich type MePTCDI sample for different 
periods. Similarly to the sandwich type PTCDA samples discussed above, a Schottky-
like diode behavior can be seen. Measurements are performed on an ITO/150 nm 
MePTCDI/11 nm Au sample. In Figure 4.3.3, square dots represent measurements that 
are directly conducted one hour after sample preparation in the UHV chamber. The 
circle curve refers to measurements in the UHV chamber after the sample has been 
kept in vacuum for 2 days. The up-triangle curve is obtained 10 minutes ~ 1 hour after 
the sample has been exposed to air. The down-triangle curve is measured after the 
sample has been kept 2 days in air. By a similar procedure as used for PTCDA 
samples, the conductivity of bulk material MePTCDI of the fresh sample derived from 
IV measurements is on the order of 10-7 S/cm, which is much larger than 10-9 S/cm 
from Ref. [107], about 10-10 S/cm from [157], or <10-10 S/cm from [108]. The reason for 
the higher conductivity is not clear. This may be due to unintentional doping from 
impurities, or metal atoms from Au or ITO contacts [153]. Figure 4.3.3 shows also that 
the current of the sample kept in vacuum increases with the storage time in UHV. This 
has also been observed for PTCDA samples, but we note that the observations for 
PTCDA and MePTCDI single layer devices have different origins. A small amount of 
water vapor or rest gas in vacuum chamber can increase the conductivity of organic 
materials. Ref. [156] reported that the conductivity of PTCDA increases from  10-7 
S/cm to 10-5 S/cm by introducing Argon gas with saturated water vapor into the  
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Figure  4.3.4 Current-voltage curve of a coplanar type  PTCDA sample. 
 
chamber. However, measurements [157] show that water vapor does not affect the 
conductivity of the MePTCDI thin film. Therefore, the higher conductivity measured 
for MePTCDI layers probably results from an unknown doping effect; and the 
increased conductivity of PTCDA in the chamber is probably due to rest water vapor. 
Furthermore, the dramatic current decrease with time in air, similarly observed in 
PTCDA samples, is explained by unintentional oxygen doping. This also implies that 
MePTCDI and PTCDA are n-type semiconductors. The diode behavior is obvious in 
vacuum for MePTCDI samples, but not clearly observed in PTCDA samples. After the 
sample has been exposed to air, a diode behavior appears in PTCDA samples; the 
diode behavior of MePTCDI samples remains, but the magnitude of reverse current 
decreases by several orders during the exposure to air. The chemical and physical 
process taking place while the device is exposed to air are unknown.  
4.3.3.2 IV of Coplanar-type PTCDA and MePTCDI sample 
 
Figure 4.3.4 shows the IV curve of a coplanar type PTCDA sample. 
Measurements are conducted on a 100 nm thick PTCDA layer with 10 µm separation 
between the Au electrodes. The curve looks nicely symmetric due to the sample 
geometry. The data indicate a Space-Charge-Limited current (SCLC) for similar 
strength of the applied electric field as in the sandwich type samples. This also implies 
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Figure  4.3.5 Current-voltage curve of a coplanar type MePTCDI sample. 
 
that the contact between Au and PTCDA is an ohmic contact as already shown in 
sandwich samples. The slope of IV at lower voltage (< 25 V) is 1.08 and 2.12 at 
higher voltage (> 80 V), respectively. This agrees very well with classic SCLC theory 
[128,158]. The conductivity in the ohmic region is 5×10-7 S/cm, which is in good 
agreement with sandwich type samples, too. Further measurements also verify that the 
conductivity increases during storage in the vacuum chamber in the same way as 
observed in sandwich type samples described above. 
Figure 4.3.5 gives the IV measurement of a coplanar sample of MePTCDI. 
Measurements are conducted on a 100 nm thick MePTCDI layer with 10 µm 
displacement between adjacent Au electrodes. As for PTCDA samples, the curve is 
symmetric. The slope at lower voltage is about 1.5 and at larger voltage about 2.2. 
This shows Space-Charge-Limited like currents. Hence, the electric field in the 
coplanar sample is a Space-Charge-Limited like distribution. 
  In summary, IV curves of both sandwich type PTCDA and MePTCDI samples 
clearly show diode behavior in air. As a first approximation, it is assumed as Schottky 
diode. However, the IV curves deviate from the ideal behavior and can not be fit by 
the current-voltage exponential equation. With applied forward DC bias, the diode is in 
the accumulation regime. Thus, the electric field distributes in the bulk and current is 
dominated by the bulk resistance. With applied reverse DC bias, the diode is in the 
depletion regime. The electric field distributes only in the depletion layer. The width 
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Figure  4.3.6 Capacitance-frequency curves of a sandwich type PTCDA sample, 
lines in left figure refer to capacitance of a slab capacitor. 
 
and the resistance of the depletion layer will be determined by capacitance-frequency 
and capacitance-voltage measurements. IV curves of both coplanar type PTCDA and 
MePTCDI samples show Space-Charge-Limited currents. Hence, the electric fields in 
coplanar samples are most likely determined by a Space-Charge-Limited regime. 
4.3.3.3 Cf, CV of sandwich type PTCDA sample and MePTCDI sample 
 
Figure 4.3.6 gives results of capacitance-frequency measurements on the same 
sandwich sample at different periods exposed to air in correspondence to the current-
voltage measurements. On the left side Cp of a sandwich PTCDA sample versus 
frequency is plotted, and on the right side Rp versus frequency. Measurements are 
conducted at zero DC bias, with 20 mV AC amplitude on same sample as used in IV 
measurements.  
Similarly as described in IV measurements, the delay period for applying AC 
voltage and measuring real and imaginary part of the impedance of samples (waiting 
time) should be carefully chosen to get reproducible results. It is also found that the 
waiting time becomes larger with the time in which the sample had been kept in air. At 
frequency f > 3×105 Hz and f < 80Hz, both spectra are not reliable due to limits in the 
experimental setup.  
Figure 4.3.6 shows that the capacitance of the depletion layer is flat in the 
frequency range 100~10k Hz and drops down dramatically with frequencies larger than 
10k Hz. The slopes shift to lower frequencies as the sample is kept longer in air; this 
indicates that the dielectric relaxation time of the sample increases and the  
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Figure  4.3.7 CV measurements of a sandwich type PTCDA sample. 
 
conductivity of the material decreases (see discussion in paragraph after Eq. (4.1)). 
This is in agreement with the IV measurements and can be explained by unintentional 
oxygen doping. Furthermore, the magnitude (about 2.4 nF for a fresh sample in air) of 
Cp at 100…10k Hz is much larger than 0.2 nF for a 150 nm thick slab capacitor*. This 
implies that the measured capacitance is from the depletion layer. From this, the width 
of the depletion is estimated to be about 12 nm. Because there is a built-in potential 
possibly existing between organic layer and metal electrodes, the depletion layer is 
probably seen from the Cp and Rp curve measured at zero DC bias. The Rp vs. 
frequency curve behaves like Cp vs. frequency: The curve is flat at low frequency and 
drops above about 10k Hz. The Cp vs. frequency and Rp vs. frequency curves give the 
capacitance and resistance of the depletion layer versus frequency (see discussion 
before Eq. (4.3)). The electrical degradation of the sample can also be clearly seen 
from Cf measurements. Furthermore, it is concluded from Cf measurements that a 
frequency in the range of 100…10k Hz can be used in CV and electroabsorption 
measurements for the depletion layer. 
Figure 4.3.7 shows the results of CV measurements of a sandwich type 
PTCDA sample same as used in IV and Cf measurements before. These CV spectra 
are measured directly after Cf measurements. The CV measurements are performed 
with a 20 mV peak-to-peak AC voltage with 400 Hz sinusoidal frequency and a 
superimposed DC bias, waiting time is 1s ~ 30s and step width 0.05 V. Other 
measurements show that there are no apparent differences in CV spectra measured 
                                               
* Here, the dielectric constant used is 3.5 as before. 
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Figure 4 .3.9 Width of depletion layer versus DC 
bias. 
 
with frequencies ranging from 200 Hz to 3k Hz. The waiting time used in 
measurements increases with sample degradation, similar as observed in the Cf 
measurements. The Rp vs. DC bias curve clearly indicates a diode behavior, because 
the resistance under forward bias is two orders of magnitudes smaller than that in 
reverse bias. The resistance under forward bias increases with the time and implies a 
decrease of the conductivity, in agreement with IV measurements. The resistance 
under larger reverse bias (> 0.7 V) does not decrease steadily with time like in the 
situation with lower reverse bias, but is consistent with Cf results. In the Cp vs. DC 
bias curve, the capacitance becomes noisy and cannot be measured when the DC bias 
is larger than 0.2~0.3 V. This implies that the depletion layer disappears at 0.2~0.3 V, 
which possibly corresponds to the built-in potential between electrode and organic 
layer. In reverse bias, the capacitance decreases as the reverse bias increases. From 
ideal capacitance calculation equation, one concludes that the width of the depletion 
layer increases with increasing reverse bias. 
From the curves of Cp versus DC bias, the curve 2/1 pC , the width of the 
depletion layer versus DC bias can be derived according to Eq. (4.3)…Eq. (4.5) and 
are shown in Figure 4.3.8 and Figure 4.3.9. The width of the depletion layer expands 
with the increase of the reverse bias. For a reverse bias > 0.7 V, the width of the 
depletion layer for the sample kept one day and two days in air does not expand 
linearly with reverse DC bias. At –1 V, the width of the depletion layer is about 40 nm. 
At zero DC bias, the width is about 10 nm in agreement with results of Cf 
measurements. 2/1 pC  is linear with reverse bias, hence the donor impurity density is 
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constant in the depletion layer (see Eq. 4.5). Linear fitting of the 2/1 pC  curve (shown 
also in Figure 4.3.8) gives a built-in potential of this diode of about +0.2 ~ 0.3 V. This 
disagrees with the result from EA1f measurements (see Figure 4.4.14 in Chapter 
4.4.2.2a). The primary explanation for this disagreement is that the built-in potential in 
EA1f measurements origins from the work function difference between two electrodes 
(Au and ITO), but the built-in potential in CV measurements from the Fermi-energy 
difference between electrode and PTCDA thin film.* So far, no further convincing 
explanation for this disagreement is available. Furthermore, linear fitting of 2/1 pC  of a 
fresh sample in air gives an unphysical built-in potential of –0.2 V. This implies that 
unknown chemical and physical processes during the sample exposition to air  
mentioned at the end of Chapter 4.3.3.1 are not finished in 1-2 hours, but are finished 
in one day. 
 
Depletion Zone Bulk Zone Time of 
sample in air RDZ (Ω) CDZ 
(nF) 
ND (cm-3) σ (S/cm) Rb (Ω) Cb 
(nF) 
σ (S/cm) 
     fresh  1.0×105 2.4 3.2×1017 1.1×10-9 1.0×103 0.2 1.3×10-6 
    1 day 3.3×104 2.4 2.7×1017 3.6×10-9 2.0×103 0.2 8.6×10-7 
    4 days 4.5×104 2.4 3.0×1017 3.1×10-9 3.3×103 0.2 4.6×10-7 
Table 4.3.1 Results of IV, Cf and CV measurements on a sandwich-type PTCDA sample in air. 
 
Table 4.3.1 shows the results from IV, Cf and CV measurements of a sandwich 
type PTCDA sample with 150 nm thickness. Figure 4.3.10 gives the fitted 
experimental Cf spectra using the results of Table 4.3.1. There, Rs refers to the series 
resistance from the ITO or electrode contact to organic layer. This fitting shows that 
the large series resistance is in the range of 1kΩ, and is comparable to the bulk 
resistance. It will strongly influence the IV characteristics and is possibly responsible 
for the deviation from ideal Schottky diode behavior. 
                                               
* Here the quasi-intrinsic organic material PTCDA acts as electron transport material. 
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Figure 4.3.10 Fitting Cf spectra by an equivalent circuit, parameters from 
independent measurements shown in Table 4.3.1. 
4.3.3.4 Summary of electrical measurements  
 
In summary, the IV curves of fresh sandwich type PTCDA and MePTCDI 
samples show Schottky-like diode behavior. The electrical properties are different 
between applied forward bias and reverse bias. In case of applied forward DC bias 
(defined as high potential applied on ITO electrode), the diode is in accumulation 
regime. The current increases as the applied DC bias (>0.2 V) increases and is 
dominated by the bulk resistance. Thus, it is reasonable to assume that the potential 
drop in the sample is linear with the sample thickness. Therefore, the electric field is 
constant throughout the sample under applied forward DC bias (>0.2V). EA signals 
under applied forward DC bias mainly originate from the bulk. In case of applied 
reverse bias, the diode is in depletion regime. There is a depletion layer appearing in 
the organic layer. Results of Cf and CV measurements show that the width of the 
depletion layer is about 10…40 nm in a sandwich type sample with 150 nm PTCDA 
layer. The donor density ND of the depletion layers is about 1017 cm–3 for both PTCDA 
and MePTCDI thin films calculated by the standard Schottky theory. CV 
measurements also show that the built-in potential between one of the electrodes 
(ITO) and PTCDA is about 0.2 ~ 0.3 V. Using the results of IV and CV 
measurements, we can fit the Cf spectra well. This fitting confirms the assumption that 
sandwich type samples behave like Schottky diodes. With applied reverse DC bias, the 
diode is in the depletion regime. The electric potential drops only in the depletion 
layer. Therefore, the electroabsorption signal of sandwich type samples under different 
DC bias has various origins: in case of applied forward DC bias, the electroabsorption 
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signal is mainly from the bulk. At applied reverse DC bias, the EA signal mainly comes 
from depletion layer. Thus, to ensure that the measured EA signal of sandwich type 
samples mainly comes from the bulk, the EA measurements should work with forward 
DC bias. From current-voltage measurements of both coplanar type PTCDA and 
MePTCDI samples, one obtains Space-Charge-Limited currents. Hence, the electric 
fields in coplanar samples correspond most likely to a Space-Charge-Limited regime. 
Electroabsorption signals under different electric field distribution for sandwich type 
samples are discussed in Chapter 3.3.3. In the Space-Charge-Limited regime, the 
amplitude of the EA signal of coplanar samples is larger by a factor of 9/8 than for 
homogeneous electric field distribution (see Chapter 3.3.2). 
 
4.4 EA measurements 
4.4.1. Experimental procedure 
 
In actual experimental conditions, only a relatively small amplitude of the 
modulated electric field can be applied on samples without electrical destruction. It is 
therefore important to reduce the noise level. In the best case, the photon shot noise is 
proportional to the square root of the light intensity [57, p97]. Since the electric-field-
induced change of the transmission signal (
F
I t
∂
∂
 in Eq. (3.2)) is proportional to the 
incident light intensity, the signal to noise ratio should be proportional to the square 
root of the incident light intensity. A strong light source is required for good signal-to-
noise ratios in electroabsorption spectrum measurements. As described in the 
following, the change of transmission due to an applied electric field and the 
transmission without applied electric field are almost simultaneously obtained in our 
experimental setup. Therefore, the stability of the light source is not of major 
importance. Hence, no apparent difference has been observed in the electroabsorption 
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Figure  4.4.1  Experimental setup for electroabsorption measurements in ambient air. 
 
 
spectrum of MePTCDI and PTCDA thin layers, when a Halogen-lamp as light source 
was substituted by a Xenon-lamp for ultraviolet spectral range measurements. 
A scheme of the EA experimental setup is shown in Figure 4.4.1. Unpolarized 
light from a light source is focused on the entrance slit of a 0.25-meter f/3.5 
monochromator (HR250, JOBIN). Here, a 250W 24V-tungsten lamp for the visible 
and near infrared spectral range and a 150W Xenon lamp for the visible and ultraviolet 
are employed. According to the manual of the lamp, this light source could give 
smooth broadband visible and ultraviolet light in the spectral range from 300nm to 
1000 nm, which covers the lowest absorption band of PTCDA and MePTCDI. The 
monochromator output passes through a long-pass optical filter to eliminate second-
order light and a two-dimensional mechanical slit to block excessive incident light and 
prevent detector saturation. Then the light is focused onto the electrode sample area. 
The light beam was aligned to be smaller than the electrode area; because the measured 
transmission signal and the electric-field-induced change of transmission should come 
from the same area of the organic layers. Light transmitted through the sample is 
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collected and then focused onto an UV and blue-enhanced silicon photodiode (G53-
379, Edmund Industrie Optik GmbH) operated in photocurrent mode. The signal 
current is transformed to voltage mode and amplified by a preamplifier (Model 564 
current preamplifier, ITHACO). The amplified photodiode electrical output (voltage 
signal) is directed to a computer controlled lock-in amplifier (Model SR 530, Stanford 
research systems) and a digital multimeter (Model 2000, Keithley). The output from 
the preamplifier can be split into two channels, a DC channel with a signal proportional 
to the intensity of the transmitted light, and an AC channel with a signal proportional 
to the intensity of the change of transmitted light. The transmission change in the 
sample due to the applied electric field could therefore be measured with the lock-in 
amplifier and simultaneously the transmission signal could be measured with the digital 
multimeter. Since the electric-field-induced change of absorption is proportional to the 
square of the applied electric field (see also Chapter 3.2), the reference input of the 
lock-in amplifier is tuned to be sensitive to 2f to measure the second harmonic EA 
signals (EA2f) and to 1f to measure the first harmonic EA signals (EA1f), respectively 
(see Chapter 3.2). Here, f is the frequency of the sinusoidal electric field applied to the 
samples. A function generator (Model 340, Stanford research systems) provides a sine-
wave electric field with DC bias and gives the reference input for the lock-in amplifier. 
Measured data are collected by an IEEE card and recorded with a PC computer for a 
fixed light wavelength. By changing the wavelength at the monochromator, the 
electroabsorption spectra for the lowest absorption band can be measured. For 
electroabsorption measurements with the electric-field parallel to substrate plane, the 
synthesized function generator is connected to a homemade high-voltage transformer, 
the transforming ratio of which is about 1:60 (see Appendix A). The output of this 
transformer is connected to the electrodes of the samples. Additionally, electro-
reflectance spectra of sandwich samples can be measured after small changes in this 
setup for reflection geometry.  
In many reported EA measurements [40,78,82,124,125], the transmitted light 
intensity was measured with a mechanical chopper as no electric field was applied to 
the sample; the electric-field-induced change of transmission was subsequently 
measured without the chopper, and with applied electric field. This method requires a 
higher stability of the light source. We measured the transmitted intensity directly with 
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a digital multimeter and the electric-field-induced transmission with the lock-in 
amplifier at the same time. The requirement for stability of the light is thus not so 
strict. Thus, a correction to the raw experimental data must be made to obtain the real 
electroabsorption spectra. This correction is discussed in detail in Chapter 3.4. 
4.4.2 Electroabsorption spectra 
4.4.2.1. MePTCDI 
4.4.2.1a. Sandwich sample: EA1f and EA2f   
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Figure 4.4.2  Electroabsorption 2f spectrum of a sandwich type MePTCDI sample. 
 
Figure 4.4.2 shows the EA2f electroabsorption spectrum of a sandwich type 
sample with a 130 nm thick MePTCDI layer, measured with 2.0V peak-to-peak AC 
voltage at 3.3k Hz sinusoidal frequency. A DC bias of +0.7 V is applied to ensure the 
diode is in the accumulation regime. Therefore, the electroabsorption signal is mainly 
from the bulk layer. The sample structure is ITO/130 nm MePTCDI thin layer/12 nm 
Au. As described in Chapter 4.2, three samples prepared under the same conditions on 
one substrate are available for electroabsorption measurements. The results of EA 
measurements are similar in these three samples. With the lock-in technique both the 
magnitude and the phase of EA2f signal can be detected at the same time. We take the 
EA2f signal with the phase 0…π as positive signal, and that with 0…-π as negative 
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Figure 4.4.3 EA 2f spectrum versus applied AC 
voltage of a sandwich type MePTCDI sample. 
Figure  4.4.4 EA2f spectrum versus applied DC 
bias of a sandwich type MePTCDI sample. 
 
signal (later also for the EA1f signal and PTCDA). The onset of the EA spectrum of 
this kind of sample is at about 650 nm (1.91 eV). There are peaks at about 2.074, 
2.165, 2.385, 2.490, 2.610, and 2.731 eV. The EA2f spectrum has an oscillatory 
lineshape with a number of clearly resolved features. It should be noted that the EA2f 
spectra intersects with the ∆T/T = 0 line at the optical S0-S1 transitions at 2.11, 2.29, 
2.49, 2.64 eV [14] besides experimental error. This implies that EA2f follows the first 
derivative of absorption spectra to some extent. This allows one to check the exciton 
model for this material. 
Furthermore, when the light intensity becomes two times larger, the magnitude 
and lineshape of EA2f spectrum are preserved. Further measurements should be done 
to check the influence of photocarriers on the EA2f spectrum by changing the light 
intensity by several orders of magnitude. It has been reported in Ref. [139] that large 
photocurrent multiplication occurred in the MePTCDI/Au interface. We did not find 
this effect in our measurements. Reasons may be that a relatively weak light intensity 
and a low electric field are employed in our experimental setup. 
Figure 4.4.3 shows the EA2f versus the AC amplitude of the square electric 
field at two different wavelengths λ = 600 nm (2.07 eV) and λ = 520 nm (2.39 eV), 
which belong to different absorption peaks. The measurements are conducted at fixed 
zero DC bias by changing the AC voltage, these EA2f signals are obtained on the same 
sample as used for the EA2f spectrum shown above. As expected from Eq. (3.15), the 
electric-field-induced change of transmission is quadratically dependent on the applied 
AC electric field. This infers that the lowest eigenstates at 2.11, 2.29, 2.49, 2.64 eV 
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respond in the same way to the applied electric field. Figure 4.4.4 plots the EA2f signal 
versus the applied DC bias at a wavelength of λ=600 nm (2.07 eV). The EA2f signal is 
insensitive to DC bias in the range measured, as expected from Eq. (3.15). In this 
thesis, all EA measurements are conducted  at room temperature in open air except 
otherwise mentioned.  
Figure 4.4.5 shows the EA1f spectrum of the sandwich type MePTCDI sample. 
The onset is the same as in the EA2f spectrum. Also the peak positions (2.074, 2.167, 
2.385, 2.50, 2.610, 2.731eV) are almost identical. However, in some measurements 
the oscillatory portions of the EA1f spectrum are opposite in sign to that of 2f 
spectrum, but some are also the same as those of EA2f. The magnitude of the EA1f 
spectrum is about one order of magnitude larger than the magnitude of the EA2f 
spectrum. The reason for these largely different magnitudes between EA1f and EA2f is 
not clear so far. If only the absolute values of both 1f and 2f EA signal are plotted, it 
can be found that the shapes of the EA1f and EA2f spectra are identical besides their 
magnitudes. One can conclude from this that the surface permanent dipole moment 
(from ITO/MePTCDI, Au/MePTCDI) contributions to the EA spectrum can be 
neglected (see discussion in Chapter 3.2.1). Therefore, the EA signals can be 
contributed to the bulk. Furthermore, for the case of changing electric field  
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Figure 4.4.5  EA1f spectrum of a sandwich type MePTCDI sample measured at 2V peak- 
to-peak AC voltage 1V DC bias, frequency 3.3k Hz, same sample as for EA2f spectrum. 
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Figure 4.4.6  EA1f signal of a sandwich type MePTCDI sample dependence 
on the applied AC voltage and DC bias. 
 
(both AC voltage and DC bias), the shapes of 1f and 2f EA spectra remain. The EA 
signals do not depend on the frequency in the range from 1000 Hz to 10k Hz. This is 
consistent with results shown in Chapter 4.3. 
 Figure 4.4.6 shows the dependence of the EA1f signal on the applied AC and 
DC bias. Measurements are performed at three different wavelengths λ=603 nm (2.056 
eV), λ=580 nm (2.138 eV), λ=520 nm (2.385 eV) to check if there is any difference in 
the lowest eigenstates contribution to the EA signal. The EA1f signals from three 
wavelengths are all proportional to both the applied DC bias and the AC voltage as 
expected from Eq. (3.15). The linear dependence on the DC bias and AC voltage 
shows that the difference can be neglected. Linear fitting curves for the AC signal pass 
through the zero point; this shows that the sensitivity of the self-built EA setup is 
sufficient to obtain good spectra. In the EA1f signal vs. DC bias measurements, fixing 
the AC voltage at 1V peak-to-peak and decreasing the DC bias, the EA1f signal does 
not vanish at zero DC bias as described in Eq. (3.15). It is not surprising that EA1f is 
zero at –0.8 V when the difference of work functions of the electrodes (about 0.5…1.0 
eV between ITO: 4.2…4.8 eV and Au: 5.2…5.3 eV from Refs. [128,159, 160]) is taken 
into account. Measurements at two different wavelengths (λ=580 nm, λ=520 nm) 
show similar results. Other measurements on different samples yield this EA1f signal 
zero point in a  DC range from –0.5…-1.0V. Since the work function of ITO is quite 
sensitive to the preparation conditions, the small discrepancy between the expected and 
experimental results is acceptable. From this, the real work function difference between 
two metal electrodes can be checked by electroabsorption measurements. Therefore, 
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electroabsorption spectroscopy is a useful tool to measure the work function difference 
of electrodes of organic thin layer device without destruction. Refs. [78,82,119,161,162] 
reported that this method had been used to measure the built-in potential of OLEDs. 
However, this disagrees with the built-in potential (+0.2~0.3V) derived from results of 
CV measurements (shown in Chapter 4.3.8). The primary explanation for this 
disagreement is that the built-in potential in CV measurement originates from a Fermi-
energy difference between the electrode and the PTCDA thin film, but the built-in 
potential in EA1f measurements originates from the work function difference between 
two electrodes (ITO and Au). However, the CV measurements base on simple 
Schottky diode model, which neglects surface states. In EA measurements, the built-in 
potential originates from work function difference between the electrodes (Au and 
ITO). So far, no complete model is available to explain this disagreement.  
Previous electrical measurements in Chapter 4.3 on a sandwich type MePTCDI 
sample have shown an ohmic dependence on the applied DC bias in forward geometry. 
This is consistent with linear dependencies of the internal electric field on the applied 
DC bias. Therefore, it is reasonable to draw the conclusion that the measured EA2f 
spectrum is from a homogeneous electric field distribution.  
4.4.2.1b. Coplanar sample: EA2f spectra 
 
  Figure  4.4.7 shows the EA2f spectrum of a coplanar type MePTCDI sample 
(dotted line) and the absorption spectrum (solid line). The measurements are 
conducted under 450V and 600V peak-to-peak AC voltage at 1.65k Hz sinusoidal 
frequency across an Au electrode spacing of 10 µm at room temperature in air. The 
thickness of the MePTCDI layer is 100 nm. Because of the lack of a stable high 
voltage DC power supply, only an AC voltage is applied on this coplanar type sample. 
In this type of samples, the built-in potential from the work function difference of the 
electrodes is zero because the electrodes are the same and no DC bias is applied. 
Therefore, no EA1f signal was obtained. This is consistent with the analysis given 
Chapter 4. Experimental results and discussion 87 
1.8 2.0 2.2 2.4 2.6 2.8 3.0
-30
-20
-10
0
10
20
 F=600 kVp-p/cm
 F=450 kVp-p/cm
∆ T
/T
(2
f)*
10
4
Photon energy [eV] 
0.0
0.5
1.0
1.5
2.0
O
.D
.
 
Figure  4.4.7  EA2f spectra of a coplanar type MePTCDI sample (square dotted and circular dotted 
line), absorption spectrum of this sample (blue solid line). 
in Eq. (3.15). Furthermore, in Figure 4.4.7, the EA2f spectra at 450 V peak-to-peak 
are measured with the sample kept in air more than 3 weeks, and repeated with 600V 
peak-to peak. From the amplitude and shape of the EA2f spectra in Figure 4.4.7, one 
can conclude that the ambient air does not influence the EA spectra of coplanar 
samples (see also discussion in Chapter 4.4.3.2 for sandwich samples). From the 
measurements shown in Figure 4.4.7, another conclusion can also be drawn that the 
spectral lineshapes are independent on AC voltage. Compared with the sandwich 
sample, the spectrum taken at higher photon energies is much clearer because the 
thickness of the organic layer is smaller so that the signal-to-noise ratio is much better. 
The electroabsorption signal is also proportional to the square of the applied AC 
voltage shown in Figure 4.4.8, like in sandwich samples. This is as expected from Eq. 
(3.15). When the applied AC voltage is large than 700V peak-to-peak, the EA2f signal 
does not follow the strength of the squared of applied electric field. This is possibly 
due to the instability of the home-built HV amplifier in the higher voltage range (see 
Appendix A). Previous measurements in Chapter 4.3 show that the DC current of the 
coplanar MePTCDI sample is a Space-Charge-Limited current, therefore, the EA2f 
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Figure 4.4.8 EA2f signal of a coplanar type MePTCDI sample is quadratic with applied AC voltage. 
 
spectrum is larger by a factor of 9/8 than in case of a homogeneous electric field 
distribution (shown in Eq. (3.21), see discussion in Chapter 3.3).  
 
 
 
∆T/T d ∆α 
(cm 1− ) 
 
F(kV/cm) 
Calculated 
∆α(cm 1− ) 
Other 
parameter 
Guo EA  23×10-4  100nm 230 210 470@300kV/cm In air, RT 
Lane EA  3×10-4 ? ? ? ? - 
Guo EA ⊥  1.2×10-4 130nm 9.2 54.3 319@320kV/cm In air, RT 
Lane EA ⊥  6×10-6 ? ? ? ? In air, RT 
Table  4.4.1  Summary of the magnitude of the EA2f spectra found at 2.167 eV of MePTCDI vapor 
deposited films for ‘parallel’ ( ||) and ‘perpendicular’ (⊥) measurements. 
     Notes:  
1.   The calculated ∆α  at λ = 573 nm (2.167 eV) bases on the fact: 2F∝∆α .  
2. The electric field at 300 kV/cm is  for a comparison with PTCDA. 
3. In other parameters: RT refers to sample preparation at room 
temperature.  
4. Calculated ∆α should be multiplied by a factor of 22 . See Chapter 3.4.  
 
4.4.2.1c Discussion of the EA spectra of vapor deposited MePTCDI thin films 
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Table 4.4.1 compares the magnitude of electric-field-induced change of 
absorption coefficient in sandwich and coplanar geometry, also including data from 
Ref. [45].  
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Figure 4.4.9  Comparison of EA spectra of MePTCDI thin films obtained from sandwich type and 
coplanar type samples. The upper figure is for sandwich sample and the lower for coplanar sample. 
 
 In summary, electroabsorption spectra of MePTCDI thin films measured at 
electric field perpendicular and parallel to the substrate plane are obtained. As 
discussed in Chapter 3.3, if the applied electric field has AC and DC bias components, 
the electroabsorption spectrum can be measured at first harmonic electric field 
frequency (EA1f) and second harmonic frequency (EA2f). The EA1f signal is linear 
with applied AC voltage and DC bias, and the EA2f signal is quadratic with AC 
voltage and insensitive to DC bias in the measured range. The ‘absolute value’ EA1f 
and EA2f spectrum looks similar, but in some photon energy range the EA1f and EA2f 
signal have a phase difference of 1800; this might be related to charge injection. The 
EA1f and EA2f spectra in sandwich geometry in Ref. [45] were measured by the 
reflectance method and the thickness of organic layer was not given. As discussed in 
Chapter 3.2, the deviation of the lineshape from our results is reasonable. In the 
coplanar case, the EA2f spectrum given in Ref. [45] and our EA2f spectrum differ only 
in the signal magnitude. Because Ref. [45] lacks one important parameter—the organic 
layer film thickness—the strength of the applied electric field is unknown. Hence, the 
magnitude of the EA2f signal in coplanar geometry could not be compared to ours.  
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The electroabsorption spectra measured at the second harmonic frequency 
(EA2f) in two directions have the same oscillatory lineshapes. If the experimental  
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Figure 4.4.10  Comparison of experimental EA spectrum as in Figure 4.4.7 with  the first and 
second derivatives of the absorption spectrum of MePTCDI thin films. 
 
error is taken into account, these two spectra in different geometry are almost 
identical, not only in lineshape but also in magnitude. Similar lineshape and magnitude 
of the electroabsorption spectra are observed in measurements with an electric field 
applied perpendicular and parallel to the substrate plane as shown in Figure 4.4.9. 
XRD measurements on sandwich type and coplanar samples show that there is no 
preferential orientation of MePTCDI molecular crystals in coplanar samples and weak 
orientation of the crystal plane (102) in sandwich samples. Therefore, their 
electroabsorption signals are composed of the contributions from all possible 
orientations of the molecules with respect to the direction of applied electric field. 
Thus, the similar lineshape and magnitude of electroabsorption spectra measured in 
two kinds of samples are reasonable.  
As described in the semi-empirical procedure of interpretation of the EA 
spectra (Chapter 2.4.1), for the Frenkel exciton, EA spectra follow the first derivative 
of the absorption spectra; for CT excitons, they follow the second derivative. Figure 
4.4.10 shows that the EA spectra of MePTCDI thin films follow neither the first nor 
the second derivatives of the absorption spectra. This indicates that there is no pure 
Frenkel or CT exciton existing in the lowest excitation of MePTCDI molecular crystals 
and the lowest excitation is a mixture of the Frenkel and CT excitons. Furthermore, if 
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we assume that only Frenkel excitons contribute to the absorption and 
electroabsorption spectra, using the obtained change of the absorption coefficient 
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Figure 4.4.11 Comparison of electroabsorption spectra of the MePTCDI thin film obtained from 
experiments (Figure 4.4.7) and model calculation from Ref. [87]. The experimental curve (open 
circles) refers to a macroscopic electric field F = 280 kV/cm and the model calculation (solid 
line, from Ref. [87]) to a macroscopic electric field F = 300 kV/cm. 
 
and the measured absorption coefficient, we can roughly estimate the order of the 
average change of the molecular polarizability by Eq. (2.17). The estimated value is 
about 570 Å3, which is one order of magnitude larger than the theoretical calculation 
(30 Å3 from Refs. [21,87]). Therefore, the semi-empirical model is insufficient to 
interpret electroabsorption spectra of MePTCDI thin films. 
 References [14,86] suggest that the lowest energy excitation of MePTCDI is 
composed of four sub-states at E = 2.11, 2.29, 2.49, 2.64 eV, and each sub-state is a 
mixture of Frenkel and CT excitons. In our EA2f spectra, contributions of these four 
sub-states can be clearly observed. With the mixture of the Frenkel and CT exciton 
model, essential features of electroabsorption spectra of MePTCDI thin film can be 
understood. Due to the involvement of the CT exciton in the lowest excitation, the EA 
spectra need not follow the first or second derivatives of the absorption spectra; the 
strong EA absorption signal is from the mixed state and not only from the Frenkel 
exciton. Furthermore, this mixture of CT and Frenkel exciton model avoids the 
disagreement of the large molecular polarizability from EA experiments and theoretical 
calculations. Ref. [87] provides theoretical calculations of EA spectra of MePTCDI 
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thin film using a model Hamiltonian method based on mixing Frenkel and  
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Figure 4.4.12a  EA2f spectrum of a sandwich type 
 PTCDA sample. 
Figure 4.4.12b Dependence of the EA2f signal on 
AC voltage in a sandwich type PTCDA sample.  
 
CT excitons (see Chapter 2.3.2). Figure 4.4.11 compares the calculated spectrum and 
our measured electroabsorption spectrum. In general, the calculation is in agreement 
with our results. This agreement confirms further that the lowest excitation is a 
mixture of the Frenkel and CT excitons. However, the remaining discrepancy of our 
results and the theoretical calculation suggests further model and experimental 
investigations (as described in Chapter 5.2). 
 
4.4.2.2 PTCDA 
4.4.2.2a. Sandwich sample: EA 1f and EA2f spectra 
 
Figure 4.4.12a shows the EA2f electroabsorption spectrum of a sandwich type 
PTCDA sample. Measurements are performed at 4V peak-to-peak AC voltage at 2k 
Hz sinusoidal frequency and 4V DC bias. This ensures that the diode is in the 
accumulation geometry. Therefore, the measured EA signals are from the bulk. The 
sample structure is ITO/150nm PTCDA thin film/11 nm Au. Figure 4.4.12b gives the 
dependence of the EA2f signal on the AC voltage, which is measured at 2.156 eV 
(λ=575 nm) photon energy, the DC bias is 4V. Similar to MePTCDI, the EA2f signal 
is proportional to the square of the AC voltage. The EA2f spectrum of a PTCDA thin 
layer shows an oscillatory lineshape, too. The onset of the EA2f spectrum is about 
1.97 eV (λ=630 nm), and two peaks at 2.145 eV (λ=578 nm) and 2.234 eV (λ=555 
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nm) are found. Unlike in MePTCDI samples, the EA spectrum of the PTCDA sample 
seems to be much noisier in the higher photon energy range. The primary explanation 
for this noise is the following: due to the strong absorption in the spectral range larger 
than 2.45 eV, very little transmitted light can be detected, resulting in bad signal-to-
noise ratio. Therefore, the peak and shape of electroabsorption spectrum in this range 
are distorted by noise background. Attempts have been made to obtain the EA 
spectrum in the higher photon energy range (>2.45eV) such as using a more powerful 
light source and decreasing the sample thickness. Unfortunately, all of them failed. 
Since the interest of this thesis is mainly on electroabsorption spectra with focus on the 
lowest energy exciton states, the full investigation on the PTCDA EA spectra in the 
high-energy range of PTCDA has not been finished yet. In Ref. [42] another peak in 
EA2f spectra at 505 nm (2.46 eV) was observed. In our measurements, this peak can 
be seen but not clear enough to be resolved. The likely reason is that our sample is 
prepared and measured exclusively at room temperature and the sample thickness is 
150 nm; whereas the sample in Ref. [42] was prepared at low temperature (90K) and 
measured at room temperature. How the morphology of the sample changed during 
the time span it has been stored at room temperature is unknown in Ref.[42]. Further, 
the sample thickness in Ref. [42] is 100 nm and thus smaller than ours. Under current 
sample preparation conditions, it is difficult to obtain a defect free PTCDA sandwich 
sample with layer thickness <150 nm due to the electrical shortcuts. 
The magnitude of the EA2f signal is independent of the DC bias for Vdc< 2.2V, 
similar to MePTCDI in Chapter 4.4.2.1a. However, the magnitude of the EA2f signal 
decreases dramatically as soon as the DC bias becomes larger than 2.2 V (see Figure 
4.4.26). As primary explanation, we believe this is due to a charge injection effect. This 
will be discussed later in Chapter 4.4.3.4.  
Figure 4.4.13 shows the EA 1f spectrum of a sandwich type PTCDA sample. 
The measurement is performed by applying 2V peak-to-peak AC voltage at 2k 
sinusoidal frequency with 2V DC bias. The EA2f spectrum discussed above (see 
Figure 4.4.11) is from the same sample. The onset is the same as in the EA2f spectra, 
and the peak positions are almost identical as well. Differing from the MePTCDI case, 
the magnitude of the EA 1f spectrum is same order compared with that of EA2f  
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Figure 4.4.13 EA 1f spectrum of a sandwich type PTCDA sample, measured at room 
temperature in air. The sample has been stored about 4 weeks in air. 
 
spectrum; the lineshape of EA1f spectrum is also similar to that of EA2f. Therefore, 
contributions from permanent surface dipole moments to the EA spectra can be 
neglected (see discussion in Chapter 3.2.1). Furthermore, no phase difference between 
the EA1f and the EA2f spectrum were found at any spectral range. Comparing EA 
measurements of PTCDA and MePTCDI thin films, two inferences can be made at 
least. Firstly, the EA1f spectrum is much more sensitive to injected carriers than the 
EA2f spectrum. Secondly, charge carriers injection to MePTCDI and PTCDA are 
different. For the case of changing electric field (both AC and DC bias), the shapes of 
the 1f and 2f EA spectra remain. No dependence on the frequency in the range from 1k 
Hz to 10 kHz was observed. This is consistent with results of the electrical 
measurements shown in Chapter 4.3. Figure 4.4.14 shows the dependence of the EA 1f 
signal on the applied AC and DC bias. The measurements are performed at 2.156 eV 
(λ = 575 nm) near the EA peak. The EA1f is proportional to both the applied DC and 
the AC bias, as expected from Eq. (3.15). After fixing the AC voltage at 2V peak-to-
peak and decreasing the DC bias, the EA1f signal does not vanish at zero DC bias. As 
in the case of EA1f measurements on MePTCDI thin layers, the built-in potential 
measured here due to the difference of the work function of electrodes is –0.6V. 
Because the same electrodes (ITO, Au) and the same substrate treatment procedure 
are employed as in the MePTCDI case, a similar built-in potential is expected, though  
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Figure 4.4.14 EA 1f signal of a sandwich type PTCDA sample dependence on applied 
 AC voltage and DC bias. 
 
there is a small difference in the HOMO and LUMO level between PTCDA and 
MePTCDI. Therefore, the measured built-in potential by the EA 1f method is 
reasonable.  
4.4.2.2b. Coplanar sample: EA2f spectra 
 
Figure 4.4.15 shows the EA2f spectra of a coplanar type PTCDA sample 
(dotted line) and the absorption spectrum of a PTCDA thin layer (solid line). The 
measurements are conducted under 360V and 450V peak-to-peak AC voltage at 1.65k 
Hz sinusoidal frequency across an Au electrode spacing of 10 µm at room temperature 
in air. The thickness of the PTCDA layer is 100 nm. The onset of the EA2f spectrum is 
about 1.95 eV (λ=635 nm), and three peaks at 2.138 eV (λ=579 nm), 2.234 eV 
(λ=555 nm) and 2.450 eV (λ=505 nm) are found. Neglecting experimental 
uncertainties, these peaks are found at almost identical positions as in EA2f 
measurements with electric field applied perpendicular to the substrate plane. At higher 
photon energies >2.45 eV, the EA2f spectrum is noisy again due to strong absorption. 
Compared to the EA2f spectrum of the sandwich type sample, the third peak is clearly 
visible, because the thickness of the coplanar sample is smaller than in case of 
sandwich samples. This agrees with EA measurements on MePTCDI samples, but is 
inconsistent with Ref. [42]. The electroabsorption signal of the coplanar type PTCDA 
sample shown in Figure 4.4.16 is proportional to the square of the applied AC voltage 
as expected from Eq. (3.15). Previous measurements in Chapter 4.3 show 
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Figure 4.4.15. EA2f spectra (dotted lines) and 
absorption spectrum (solid blue line) of a coplanar 
PTCDA sample. 
 
Figure 4.4.16. Dependence of the EA2f signal on 
AC voltage for a coplanar type PTCDA sample.  
that the DC current of the coplanar PTCDA sample is a Space-Charge-Limited 
current, therefore, the amplitude of the EA2f spectrum is larger by a factor 9/8 than 
that in homogeneous electric field distribution. The spectral lineshapes are independent 
of AC voltage. 
4.4.2.2c Discussion of the EA spectra of vapor deposited PTCDA thin films 
 
Table 4.4.2 compares the magnitude of the electric-field-induced change of the 
absorption coefficient measured with the electric field applied perpendicular and 
parallel to the substrate plane, and incorporates the results reported in Ref. [42]. 
 
 
 
∆T/T D ∆α 
(cm 1− ) 
 F(Applied 
electric field ) 
Calculated 
∆α 
Other 
parameters 
Guo EA  5×10-4  100nm 50 157kV/cm 182 @300kV/cm RT, in air 
Haskal EA    ? 100nm 200 300kV/ cm 200 @300kV/cm 90K 
Guo EA ⊥  
 
1.2×10-4 150nm 10 91.6kV/cm 123 @320kV/cm RT, in air 
Haskal EA ⊥     ? 100nm  230 320kV/cm 230 @320kV/cm 90K 
Table  4.4.2  Summary of the magnitude of the EA2f spectra at 2.23 eV of PTCDA vapor deposited films for  
‘parallel’ ( || ) and ‘perpendicular’ (⊥) measurements. 
 
Notes: 
1.    The calculated ∆α at λ=555 nm (2.23 eV) bases on the fact: 2F∝∆α . 
2.    In other parameters: 90K refers to sample preparation at 90K in Ref. [42]. 
3.    The calculated ∆α should be multiplied by a factor of 22 (see Chapter 3.4).  
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Figure 4.4.17 Comparison of EA spectra of PTCDA thin films obtained from sandwich type and 
coplanar type samples. The upper figure is for a sandwich sample and the lower for a 
coplanar sample. 
 
A similar shape and magnitude of the EA2f spectra is found for the electric 
fields applied perpendicular and parallel to the substrate plane, see Figure 4.4.17. Ref. 
[42] claimed that the small difference in magnitude is from the anisotropic effective 
mass based on a quantitive analysis of the magnitudes of EA signals in sandwich and 
coplanar samples. As discussed in Chapter 3.3, the magnitude of electroabsorption 
signal depends on the internal electric field distribution. If the electric field distribution 
is taken into account, it is hard to draw such a conclusion. Ref. [42] did not give any 
information about internal electric field distributions in their sandwich and coplanar 
samples. Furthermore, our results in Chapter 4.3.3 show that in general there is a large 
difference in the electric field distribution between perpendicular and parallel 
measurements (sandwich and coplanar samples). Only for certain conditions (proper 
DC bias), the magnitudes of EA signals from perpendicular and parallel measurements 
are comparable. Therefore, the difference in the field distribution within the samples 
used in Ref. [42] provides a more convincible argument for the small difference in 
magnitudes of EA spectra rather than the anisotropic effective mass.  
 The EA2f spectra in Ref. [42] were measured on 100 nm thick PTCDA layers 
for both the electric field applied perpendicular and parallel to the substrate plane. 
Comparing the two spectra, the third peak (at λ= 505 nm or 2.450 eV) can be seen in  
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Figure 4.4.18 Comparison of experimental EA spectrum as in Figure 4.4.15 with the first  
and second derivatives of the absorption spectrum of a PTCDA thin film. 
 
the sandwich sample and vanishes in the coplanar sample. In our measurements, the 
PTCDA layer thickness is 150 nm for perpendicular measurements and 100 nm for 
parallel, respectively. For parallel measurements, the third peak can be clearly seen, but 
it can only be distinguished in perpendicular measurements. This is because the strong 
absorption in the 150 nm thick sample results in a lower signal-noise-ratio in 
transmission. The small difference between our results and results in Ref. [42] in 
observation of the third peak in EA spectra is possibly due to a different crystalline 
structure: sample preparation is by growing PTCDA layer on a substrate kept at 90 K 
in Ref. [42], and ours is made at room temperature.  
References [19,20] suggested that the lowest energy excitations of PTCDA thin 
films are composed of six Gaussian peaks: 2.11, 2.23, 2.38, 2.49, 2.66, 2.85 eV, and 
the lowest two peaks 2.11 eV and 2.23 eV are a self-trapped CT state and a free CT 
state, respectively. The other four high-energy Gaussian curves correspond to the 
lowest S0-S1 optical transition with four phonon states: 0-0, 0-1, 0-2, 0-3, respectively. 
Refs. [18,42] chose the two lowest peaks at E = 2.11 eV and E= 2.23 eV to fit 
electroabsorption spectra by a semi-empirical procedure described in Chapter 2.3.1. 
Ref. [103] assigned the lowest-energy E = 2.23 eV absorption of PTCDA films to a 
novel CT exciton and modeled it with a hydrogenic 1s radius of 12 Å. Our EA 
measurements show clearly the two lowest peaks at 2.14 and 2.23 eV. As described in 
the semi-empirical procedure of interpretation of the EA spectra (Chapter 2.4.1), for 
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the Frenkel exciton, EA spectra follow the first derivative of the absorption spectra; 
for CT excitons they follow the second derivative. Figure 4.4.18 compares the EA 
spectrum, the first and the second derivatives of the absorption spectrum of a PTCDA 
thin film. The EA spectrum does not follow the first and second derivatives, therefore, 
this indicates that neither a pure Frenkel exciton nor a CT exciton dominates in the 
lowest excitation of PTCDA crystals and the lowest excitation is mixture of the 
Frenkel and CT excitons. Furthermore, if we assume that only Frenkel excitons 
contribute to the absorption and electroabsorption spectra, using the obtained change 
of the absorption coefficient, and the measured absorption coefficient, we can roughly 
estimate the order of the average change of the molecular polarizability by Eq. (2.17). 
The estimated value is about 410 Å3, which is one order of magnitude larger than the 
theoretical calculation (30 Å3 from Refs. [21,87]). Therefore, the semi-empirical model 
is insufficient to interpret electroabsorption spectra of PTCDA thin films. 
Furthermore, XRD measurements on sandwich type and coplanar samples 
show that there is a preferential orientation of PTCDA molecular crystals in both 
sandwich and coplanar samples. The electric field is perpendicular to the PTCDA 
molecular plane in sandwich samples and parallel to the molecular plane in coplanar 
samples. Therefore, if the lowest excited state were pure Frenkel or CT excitons, the 
measured EA spectra for the two kinds of samples should be largely different in shape 
and magnitude. Obviously, the experimental results in Figure 4.4.17 and 4.4.18 can not 
be explained by the pure Frenkel or pure CT exciton model. Thus, the only explanation 
is that the lowest excitation is a mixture of the Frenkel and CT excitons. Yet, it is in 
agreement with the fact that Frenkel-CT mixing occurs in the lowest π-π* manifold 
and appears in linear absorption as well as in EA spectra [14,15,21,87]. So far, there are 
some theoretical calculations on EA spectra of PTCDA [18,21,48,49,87]. Ref. [48] was 
based on the notion that the EA signal originating from either Frenkel or CT states 
could be easily discerned, and CT states were viewed as perfectly localized electron-
hole pairs, with no allowance for charge delocalization between different molecules. 
Ref. [21] was based on a dimer model of excitons and correctly reproduced the shape 
of the EA signal. However, its amplitude was not calculated, and the directional 
properties of the EA signal were not addressed either. Refs. [49,87] were based on a 
three-dimensional analog of the Merrifield model and addressed the role of the mixture 
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of the Frenkel and CT excitons. The calculated EA spectra are generally in agreement 
with our experimental results (see Figure 4.4.19a and Figure 4.4.19b). With the 
mixture of the Frenkel and CT exciton model, essential features of electroabsorption 
spectra of PTCDA thin films can be understood. Due to the involvement of the CT 
exciton in the lowest excitation, the EA spectra need not follow the first or second 
derivatives of the absorption spectra; the strong EA signals are from the mixed state 
and not only from the Frenkel exciton. Therefore, the strong EA response for the 
electric field perpendicular to the molecular plane is understandable. Furthermore, this 
mixture of CT and Frenkel exciton model avoids the disagreement of the large 
molecular polarizability from EA experiments and theoretical calculations. However, 
the magnitude of the calculated EA spectra for the electric field parallel to molecular 
plane is in disagreement with the magnitude observed in experiments. This is due to the 
uncertainty of parameter choice (mainly ∆p) in coplanar samples. So far, there is no 
convincing result of ∆p available. However, the deviation of model calculation and our 
results suggests further theoretical and experimental investigations. 
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Figure 4.4.19a EA spectra of PTCDA in 
perpendicular measurements, experimental and 
calculated (solid line from Refs. [49,87]) EA 
spectra of PTCDA film for a macroscopic field F = 
3.0×105 V/cm perpendicular to the substrate 
plane. 
Figure 4.4.19b EA spectra of PTCDA in 
parallel measurements, experimental and 
calculated (solid line from Refs. [49,87]) EA 
spectra of PTCDA film for macroscopic field F 
= 3.2×105 V/cm parallel to the substrate 
plane. 
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Figure  4.4.20  Comparison of EA2f spectra of sandwich samples with a 265nm 
 and a 130 nm thick MePTCDI layer. 
4.4.3 Various observations in EA measurements 
4.4.3.1 Thickness effect 
 
From Eq. (3.5a) in Chapter 3.2, the magnitude of ∆T/T increases linearly with 
sample thickness at a given applied electric field strength. This magnitude increase has 
been observed in measurements of sandwich type samples with 130 nm, 150 nm, 200 
nm, and 265 nm thick MePTCDI layer. Fig 4.4.20 shows the EA2f spectra of the 
sandwich samples with 265 nm and 130 nm thick MePTCDI layers. The measurement 
on the 265 nm sample is performed at 8 V peak-to-peak AC voltage with 0.7 V DC 
bias. EA2f spectra of 130 nm sample are the same as described in Chapter 4.4.2.1a. 
Note that the shape of the two spectra fit well to each other, within some experimental 
error. According to Eq. (3.5a), the magnitude of ∆T/T of 265 nm sample should be 8 
times larger than that of 130 nm sample at same photon energy.* The ratios of the 
magnitudes taken at peak positions 2.07 eV and 2.38 eV correspond reasonably well 
to the calculation (cf. Eq. (3.5a)). This comparison of EA2f spectra at different 
                                               
* Here we assume that the electric field distribution is homogeneous inside the sample ( F = V/d). 
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Figure  4.4.21   EA2f spectra of sandwich type MePTCDI sample at different AC 
 voltage. Peak at 2.127~2.183 eV is noisy. 
 
thicknesses also imply that it is reasonable to assume a homogeneous electric field 
distribution inside the organic layers. Furthermore, Figure 4.4.21 shows the EA2f 
spectra of a sandwich sample with 265 nm thick MePTCDI layer, measured with 4V, 
6V and 8V peak-to-peak AC voltage, respectively. It should be noted that the EA 
signal around the second peak 2.165 eV (λ=573 nm) is noisy from 2.127 eV (λ=583 
nm) to 2.183 eV (λ=568 nm). This energy interval is located within the abnormal 
dispersion range of the optical constant of MePTCDI [123]. Therefore, a small electric 
field modulation possibly changes the transmission dramatically and yields such noise.  
4.4.3.2 Sample degradation influence on EA 
  
Fig 4.4.22 shows the results of the investigation of the influence of the sample 
degradation on the electroabsorption signal. The measurements are conducted on the 
ITO/150 nm MePTCDI/ 15nm Au sample, at 2.07 eV (λ=600 nm) excitation energy, 
with zero DC bias. Results represented by square-dot are measured 1…2 hours 
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Figure 4.4.22. EA2f signal measured at different time to check the sample degradation influence. 
 
later after the sample was exposed to air, and those with open circles one week later. 
These EA2f signals are quadratic with the applied AC voltage; and the magnitudes are 
the same at the same applied AC voltage. Other measurements at various photon 
energies yield the same results. This implies that we can obtain the same EA spectrum 
in shape and in magnitude measured on the same sample at different days though there 
is the sample degradation. However, these results seem to disagree with electrical 
measurements. In Chapter 4.3, it has been shown that the IV curves of the MePTCDI 
and PTCDA sample changes dramatically with the time span kept in air. This can be 
accounted for by the unintentional oxygen doping. This doping results in the sample 
degradation in the electrical behavior. This degradation seems to have no influence on 
the electroabsorption measurements, at least in the specified time range. Measurements 
of absorption spectra of these organic samples in the interesting spectral range are also 
the not affected, even when the sample is kept in air for months. This also implies that 
the lowest electronic states in such organic thin film are not changed by atmosphere (or 
such unintentional doping). 
For PTCDA samples, similar results are observed in a time range of two weeks.  
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Figure 4.4.23  IV curves of a sandwich type 150 
nm MePTCDI sample. 
Figure 4.4.24  EA2f signal of a sandwich type 
150nm MePTCDI sample. 
4.4.3.3 EA signals from the depletion layer and the bulk layer 
 
In Chapter 3.3, it has been discussed that the electroabsorption signal in the 
depletion regime differs by orders of magnitude from that in the accumulation regime if 
the sample shows Schottky-like diode behavior. In the accumulation regime, the EA2f 
signal comes from the bulk layer due to the electric field distribution throughout whole 
sample. However, in the depletion regime, the electric field is mainly concentrated in 
the depletion layer. The strength of the electric field in the depletion layer is much 
larger than in the bulk layer, and the electric field in the bulk layer is almost zero. The 
difference in EA2f signal magnitude can be described with Eq. (3.27). In measurements 
of the electrical properties of sandwich samples for both PTCDA and MePTCDI, the 
Schottky like diode behavior can be seen in fresh samples from IV curves and 
impedance spectroscopy. Hence, by applying forward DC bias, EA measurements are 
taken in the accumulation regime, and in the depletion regime by applying reverse bias. 
Comparing the EA2f signal measured at peak or near peak photon energy by applying 
forward or reverse DC bias, it is possible to observe EA2f signal magnitude difference 
in the accumulation and depletion regime. Figure 4.4.23 and Figure 4.4.24 show 
measurements based on this idea. To ensure the sample behaves as a diode, IV 
measurements on a 150 nm thick MePTCDI sandwich sample before and after EA 
measurements are conducted and shown in Figure 4.4.23. All these measurements are 
performed on a fresh sample exposed to air for three days. The amplitude of the AC 
voltage and the DC bias are selected (amplitude of AC  
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voltage is smaller than magnitude of DC bias) such that one is sure to measure the EA 
in the accumulation and the depletion regime. Experimental results reveal that there is 
no apparent difference in magnitude between EA2f signals in the accumulation and 
depletion regime. Furthermore, EA2f measurements on different samples and different 
photon energy agree with each other.  
In the analysis of Chapter 3.3, the EA2f signal in the depletion layer is analyzed 
based on the small signal assumption: the amplitude of the applied AC voltage is much 
smaller than the DC bias. This assumption can be easily implemented in impedance 
spectroscopy measurements, but is difficult to be implemented in EA measurements. 
One reason is due to problems with thin film organic semiconductor samples: due to 
electrical shortcuts, larger DC bias will likely destroy the samples. Another reason is 
the signal-to-noise ratio of the EA setup. In the current EA setup, it is impossible to 
get any EA signal at an applied AC voltage of 20mV amplitude as used in the 
impedance spectra measurements. In EA measurements, the amplitude of the applied 
AC voltage is smaller but comparable to the DC bias. How this relatively larger AC 
voltage influences the depletion layer is unknown.  
 
4.4.3.4 The influence of charge injection on the EA signal 
 
Figure 4.4.26 shows the EA2f signal at 2.16 eV (λ = 575 nm) photon energy 
by applying different DC bias. These measurements are conducted on a sandwich type 
150 nm thick PTCDA old sample, the same as used in EA2f and EA 1f spectra 
measurements. It is found that the EA2f signal decreases for DC bias larger than 2V to 
2.2 eV, the latter value is corresponding to the optical band gap of PTCDA [98]. 
Further measurements of EA2f signal versus applied AC voltage as DC bias +4V and –
4 V still shows that the magnitude of the EA2f signal is quadratic with AC voltage as 
given in Figure 4.4.27. Further measurements have also been performed at different 
photon energy and repeated again to insure that it is not due to electrical shortcuts. As 
described in Eq. (3.5), the DC bias does not directly modulate the part of EA signal 
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Figure 4.4.26 EA2f signal on an old sandwich 
type PTCDA sample versus DC bias. 
Figure 4.4.27 EA2f signal versus AC voltage at 
higher DC bias (-4V). 
 
oscillating with 2ω. Hence, this modulation of the EA2f signal due to an applied DC 
bias has to be probably accounted for the injection of charge carriers, which might 
increase the conductivity of the organic layer. An increasing DC bias leads to 
increasing charge injection, which will decrease the resistance of organic layer. Owing 
to the constant series resistance (see also Figure 4.3.10 in Chapter 4.3), decreasing the 
resistance of the organic layer results in decreasing of the voltage drop in the organic 
layer, further decreasing the EA signal. Further IV measurements on this sample have 
shown that the current increased dramatically for DC bias larger than 2.2 V (or < -2.2 
V). This implies that the conductivity of the organic layer increased correspondingly 
and verifies the increase of the charge injection. 
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Chapter 5  
Conclusions and Outlook 
 
5.1 Conclusions 
 
We have presented a thorough experimental investigation of electroabsorption 
spectroscopy on quasi-one-dimensional organic molecular crystals such as PTCDA and 
MePTCDI vapor deposited thin films to clarify the involvement of the CT exciton in 
the lowest excited state. By a self-built experimental setup, two kinds of 
electroabsorption measurements, called ‘perpendicular’ and ‘parallel’ measurements, 
were conducted at room temperature in ambient air. The crystalline texture of PTCDA 
and MePTCDI thin film samples are characterized by X-ray diffraction measurements. 
Current-voltage, capacitance-frequency and capacitance-voltage measurements are 
performed to clarify the electric field distribution inside organic layers. 
Primary analysis shows that the electroabsorption spectra can be obtained both 
in transmission and reflection geometry. Since our interest lies mainly on the lowest 
excitation states, the transmission geometry is chosen, because it is easier to derive the 
electric-field-induced change of the absorption coefficient from experimental data.  
We have shown in a theoretical analysis that the amplitude of the EA signal can 
be strongly influenced by the electric field distribution inside of the samples. If the 
organic thin film samples show Schottky diode like behavior, under a small signal 
approximation, the EA signals at forward and reverse DC bias have different origins, 
their amplitudes are also different. At forward DC bias, EA signals are from the bulk; 
at reverse DC bias, EA signals are from the depletion zone. Thus, EA measurements 
on such samples should be performed with carefully chosen AC voltage and DC bias. 
Furthermore, if organic thin films samples show Space-Charge-Limited behavior, the 
EA signals are also from the bulk, and their magnitude is larger by a factor of 9/8 than 
that of a homogeneous electric field distribution. 
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X-ray diffraction measurements on sandwich and coplanar samples show that 
for PTCDA thin films, the molecular crystal plane (102) lies flat on the substrate in 
both sandwich type and coplanar type samples. Therefore, the applied electric field is 
perpendicular to the molecular plane in sandwich geometry electroabsorption 
measurements (perpendicular measurement) and parallel to the molecular plane in 
coplanar geometry EA measurements (parallel measurement). For MePTCDI thin 
films, only the sandwich type samples show weak oriented behavior, the coplanar type 
samples show no preferential orientation. Therefore, the EA signal of a coplanar type 
MePTCDI sample is composed of contributions from all possible orientations of 
MePTCDI molecules with respect to the direction of the applied electric field. 
By electrical measurements, both fresh sandwich type samples of PTCDA and 
MePTCDI thin films show Schottky diode like behavior in ambient air. The depletion 
layer of a 150 nm thick PTCDA layer is about 10…40 nm thick. Thus, EA 
measurements should be performed under a particular chosen DC bias and AC voltage 
to get EA spectra from the bulk layer. Both coplanar type samples of PTCDA and 
MePTCDI thin films show Space-Charge-Limited currents. Therefore, the electric field 
in coplanar samples is a Space-Charge-Limited like distribution, and EA signals are 
from the bulk and comparable to the sandwich samples. The measured conductivity of 
the sandwich type samples is in agreement with that of the coplanar type. For PTCDA 
films, the measured value is on the order of 10-7 S/cm, which is in agreement with 
many reports. For MePTCDI films, the measured value of 10-7 S/cm is larger than 
literature reports and implies unintentional doping in the sample. The experimental 
observation that the conductivity of MePTCDI and PTCDA sample decreases in air 
proves that both PTCDA and MePTCDI show n-type semiconductor behavior.  
For ‘perpendicular measurements’, the EA1f and EA2f spectra of sandwich 
type MePTCDI and PTCDA samples are obtained. As expected, the EA1f signal is 
linearly dependent on the applied DC bias and AC voltage; the EA2f signal is quadratic 
with AC voltage and shows no dependence on DC bias. Furthermore, we found that 
the EA 1f signal vanishes when the applied DC bias compensates the difference in 
work function of the electrodes. This suggests that EA1f measurement is a useful tool 
to investigate the potential difference between injecting electrodes applied to an 
organic thin layer diode. 
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For ‘parallel measurements’, the EA2f spectra of coplanar type MePTCDI and 
PTCDA samples are measured. Comparing the results of perpendicular and parallel 
measurements, the spectra are not only similar in shape, but also in amplitude. For 
MePTCDI, owing to the isotropic orientation of molecular planes, it seems to be 
reasonable to expect this similarity in amplitude and lineshape, in principle. For 
PTCDA, due to the anisotropic orientation of molecules in sandwich and coplanar 
samples, it is also worthwhile to contemplate this similarity. Furthermore, the EA2f 
signals of MePTCDI and PTCDA are comparable in amplitude under the same 
strength of applied electric field.  
In the semi-empirical procedure of interpretation of the EA spectra, for the 
Frenkel exciton, EA spectra follow the first derivative of the absorption spectra; for 
CT excitons, they follow the second derivative. The EA spectra of MePTCDI and 
PTCDA thin films follow neither the first nor the second derivatives of the absorption 
spectra. This indicates that there is no pure Frenkel or CT exciton existing in the 
lowest excitation of MePTCDI and PTCDA molecular crystals. Furthermore, if we 
assume that only Frenkel excitons contribute to the absorption and electroabsorption 
spectra, using the obtained change of absorption coefficient, and the measured 
absorption coefficient, we can roughly estimate the order of the average change of the 
molecular polarizability. The estimated value is about 570 Å3 for MePTCDI, and 410 
Å3 for PTCDA, which is more than one order of magnitude larger than the theoretical 
calculations (30 Å3 from Refs. [21,49,87]). Therefore, it is impossible to interpret 
electroabsorption spectra of MePTCDI and PTCDA thin films by the semi-empirical 
model. For absorption spectra of MePTCDI vapor deposited thin films, Refs. [14,86] 
suggested that the lowest energy excitations of MePTCDI are composed of four sub-
states at E = 2.11, 2.29, 2.49, 2.64 eV, and each sub-state is a mixture of the Frenkel 
and CT excitons. In the measured EA spectra of MePTCDI, contributions from these 
four sub-states can be clearly observed. With the mixture of the Frenkel and CT 
exciton model, essential features of electroabsorption spectra of MePTCDI thin films 
can be understood. Due to the involvement of the CT exciton in the lowest excitation, 
the EA spectra need not follow the first or second derivatives of the absorption 
spectra; the strong EA signal from the mixture state rather than from the Frenkel 
exciton is reasonable. Furthermore, this mixture of Frenkel and CT exciton model 
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avoids the disagreement between the large molecular polarizability from EA 
experiments and theoretical calculations. Therefore, the lowest excited state of 
MePTCDI molecular crystals is a mixture of the Frenkel and CT excitons. 
For EA spectra of PTCDA vapor deposited thin films, our EA spectra are in 
general similar to Ref. [42] both in line shape and in magnitude. Ref. [42] quantitatively 
analyses the amplitudes of the perpendicular and parallel electroabsorption 
measurements in terms of a Wannier-Mott exciton model with a small anisotropy of 
the effective mass. If the effects of a general electric field distribution are taken into 
account, such a quantitative comparison of two spectra of sandwich and coplanar 
samples is problematic. The same problem remains for more recent interpretations of 
these experimental spectra [21,49,87]. Our results show that only under certain 
conditions (EA measurements with proper DC bias), the perpendicular and parallel 
electroabsorption measurements can be directly compared. X-ray diffraction 
measurements on sandwich type and coplanar samples show that there is a preferential 
orientation of PTCDA molecular crystals in both sandwich and coplanar samples. The 
electric field is perpendicular to the PTCDA molecular plane in sandwich samples and 
parallel to the molecular plane in coplanar samples. Therefore, if the lowest excited 
state were a pure Frenkel or CT exciton, the measured EA spectra of the two kinds of 
samples should be very different in shape and magnitude. Obviously, the experimental 
results show the two spectra are similar in shape and magnitude. This cannot be 
explained by the pure Frenkel or pure CT exciton model. Thus, the only explanation is 
that the lowest excitation is a mixture of the Frenkel and CT excitons. Similar as the 
discussion for electroabsorption spectra of MePTCDI thin films, with the mixture of 
the Frenkel and CT exciton model, essential features of electroabsorption spectra of 
PTCDA thin films can be understood. Due to the involvement of the CT exciton in the 
lowest excitation, the EA spectra need not follow the first or second derivatives of the 
absorption spectra; the strong EA signal is from a mixed state and not only from a pure 
Frenkel or CT exciton. Therefore, the strong EA response in electric field 
perpendicular to the molecular plane is explained by the CT admixture to the lowest 
states. Thus, the disagreement between the large molecular polarizability from EA 
experiments and theoretical calculations is resolved. A theoretical calculation of the 
EA spectra of vapor deposited films [49, 87] in the framework of a Hamiltonian with 
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Frenkel-CT mixing fits in general to our experimental results, but there is still a small 
discrepancy in the directional properties of the electroabsorption signal. However, the 
general agreement proves that CT excitons exist in the lowest energy excitations and 
the lowest excited states of PTCDA thin films are mixtures of Frenkel and CT 
excitons. The small discrepancy suggests that a full interpretation of the EA spectra 
needs further experimental and theoretical investigation.  
 
5.2 Outlook 
 
 References [49,87] calculated the EA spectra of MePTCDI and PTCDA thin 
films. Although the calculated spectra of ‘perpendicular measurements’ are in 
agreement in shape and amplitude with our results, there is an apparent difference in 
magnitude with ‘parallel measurements’. To get a thorough understanding of EA 
spectra of the lowest energy excitations in quasi-one dimensional organic molecular 
crystals, further experiments and theoretical calculations are necessary. 
1. For ‘parallel EA measurements’, the EA signals are composed of contributions 
from all possible orientations of MePTCDI molecules with respect to the direction 
of applied electric field. It was reported that MePTCDI thin films on polymer 
(PETP) substrates have a preferential orientation: the (102) planes lie parallel to 
the substrate [14]. Further efforts should be taken to deposit metal electrodes with 
about 10 µm distance on PETP thin film. Then, EA measurements should be 
performed on MePTCDI films on such substrates.  
2. Most of properties of the semiconductors are dependent on the temperature, such 
as absorption, mobility and hence conductivity. Therefore, temperature is one of 
the most important parameters to control. For organic semiconductors, the electric 
–field-induced change of transmission ∆T/T may exhibit temperature dependence. 
Measuring EA spectra at low temperature would be useful. 
3. By changing the modulation frequency of the applied electric field, it may be 
possible to separate features of the different EA signal origin. Features arising from 
the same phenomenon will have the same phase in the ∆T/T signal (arctan(Y/X) as 
read from the lock-in amplifier). At low frequency, this phase may be the same for 
all features independent of origin, however as the frequency increases, different 
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phenomena will response to the applied electric field on different time scales. This 
may mean that relative intensities and phases of different features may change. This 
change in phase allows features arising due to different phenomena to be separated 
from each other using geometric techniques. So far, a modulation frequency in the 
range of 200 Hz ~10k Hz is possible in our setup. Measuring EA spectra at larger 
frequency is also worthwhile. 
4. Recent reports on optical absorption and EA spectra of single crystal and 
crystalline film of α-sexithiophene [46,47] showed that their spectra differ from 
each other. The difference arises from polariton effects of the strong transition and 
a random orientation of the crystallites. Hence, it is reasonable to expect that EA 
measurements on single crystals of PTCDA and MePTCDI would give more hints 
for understanding the lowest energy excitations in quasi-one-dimensional organic 
molecular crystals.  
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Appendix  
Home-built High-Voltage Amplifier  
 
In electric field parallel to substrate plane EA measurements, a high-voltage 
amplifier is needed as source for the applied electric field. A high-voltage low–current 
amplifier is built based on the electric circuit derived from Ref. [175]. Here the 
transform ratio is tested. 
Amplification is based on the transformation of the low-voltage high-current 
input signal into a high-voltage low-current output signal by means of a special print 
transformer. Therefore, no high-voltage power supply is needed. Inductive coupling 
via the transformer is possible for AC signal only, not allowing a DC input to be 
amplified. 
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Figure  A.  Input and output of the home-built HV amplifier. Linear fitting of the experimental 
result gives the amplification factor is about 60. 
 
This operational amplifier is limited in bandwidth to 100 k Hz, which is enough for our 
EA measurement requirement. 
Figure A shows the input-output relationship of the home–built HV amplifier. 
The input AC signal is obtained from a synthesized function generator (model 340, 
Stanford Research Systems). The output AC signal is connected to a simple resistor 
circuit and measured by a digital Storage Oscilloscope (VC 6265 HITACHI). From 
that, the amplification ratio of the AC signal can be obtained. For input voltage 
amplitude larger than 17 V peak-to-peak, the input and output curve shows saturated 
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behavior. Hence, the largest output voltage is about 1000V peak-to-peak voltage. 
Other measurements show that this HV amplifier is able to work continuously for 
several hours. By changing the frequency up to 10k Hz, the amplification ratio remains 
the same. 
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